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REMARKS 

This response is filed to place the above-referenced case in condition for 
immediate allowance. As to the claims, claims 1 through 10 were previously cancelled. 
Applicant further cancels claims 12 through 14 and adds new claims 16 through 19, 
antecedent basis for which may be found in the specification on page 43 lines 5 through 
17. Applicant cancels claim 13 but plans to file a divisional application based on the 
decapeptide. Applicant further amends claims 11 and 15 and the specification on pages 
4, 40, 43 and the Abstract to comply with the sequence rules. No new matter has been 
added. Reexamination and reconsideration of the application, as amended, is requested. 

Response to Improper Sequence Identifications 

Examiner has noted that Applicant has improperly identified its amino acid 
sequences. Specifically, Examiner has stated, "applicant's specification and especially 
the claims MUST be amended to insert proper SEQ. ID. to satisfy the sequence rules." 
The sequence rules require the use of three-letter codes for amino acids as set forth in the 
tables of WO Standard DT.25 (1998). See 37 CFR 1.822; See also MPEP 2422 and 
2423. Applicant has respectfully amended the specification and the claims so that they 
list the proper SEQ. ID. in compliance with the sequence rules. 

Res ponse to Restriction/Election Requirement 

Examiner has subjected claims 11 to 15 to a restriction/ election requirement. As 
to claims 1 1 to 15, Examiner has stated that: 

"claims 11-15 [are] directed to the following patentably distinct species of 
the claimed invention: compounds (and their analogs) that comprise 

R 
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decapeptides of different amino acid sequence which require different and 
separately burdensome manual/ computer structure and bibliographic 
searches in patent and literature databases." 

Furthermore, Examiner has required Applicant to elect a single disclosed species (e.g. a 
single decapeptide) under 35 U.S.C. 121 for prosecution on the merits. 

Applicant respectfully traverses the requirement for election between the deca- 
peptides pursuant to 37 CFR § L143 and provisionally elects the decapeptide of Claim 15 
for prosecution on the merits. The restriction requirement is improper because claims 12 3 
14 and 15 are not "independent and distinct" from each other. Rather, the decapeptides 
are equivalent and differ by merely two amino acids, the second and fifth in sequence, 
neither of which affects the function of the whole sequence. The second and fifth amino 
acids are merely filler or generic amino acids and their respective space may be filled by 
any amino acid. Therefore, because the decapeptides in claims 12, 14 and 15 are in fact 
equivalent and do not require different and separately burdensome manual and computer 
searches by Examiner, the restriction requirement is improper. 

To clarify the generic classification of the second and fifth amino acids in the 
decapeptides as disclosed in claims 12, 14 and 15, Applicant has respectfully submitted 
new claims 16 through 1 9. In independent claim 16, Applicant has denoted those generic 
amino acids with X02 and X02, which can independently be any amino acid. Persons 
skilled in the art would follow that the decapeptides are parcel of the same concept and 
that the amino acid differences have no effect on the sequence. To support Applicant's 
position and its new claims, Applicant submits scientific literature, attached hereto as 
Exhibit A. Exhibit A includes U.S. Patent No. 5,935,832; 6 <Novel peptide ligands for 
integrin crfi overexpressed in cancer cells," Mol Cancer Ther 2004; 3(10), October 
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2004; "Enzymatic characterization of in vitro of recombinant proprotein convertase 
PC4," Biocbero J. (1999) 343, 29-37; "Identification of Calmodulin Isoform-specific 
Binding Peptides from a Phage-displayed Random 22-mer Peptide Library," The Journal 
of Biological Chemistry, Vol. 277, No.24, June 14, 2002, pp. 21630-21638; and "Peptide 
phosphorylation by calcium-dependent protein kinase from maize seedlings," Eur. J. 
Biochem, 267, 337-343 (2000). 

The aforementioned and enclosed patent and scientific literature supports 
Applicant's traversal of the restriction/ election requirement whereby Applicant's deca- 
peptides are not independent and distinct from each other and that it is well known in the 
art to include generic or filler amino acids in sequences which can by filled by any amino 
acid. This concept is specifically denoted in Claim 1 of U.S. Patent No. 5,935,832, pages 
1329, 1330, 1333 and 1334 of the "Novel peptide ligand" article, pages 337 and 342 of 
the "Peptide phosphorylation" article, pages 21630 and 21633 of the "Identification of 
Calmodulin" article and pages 29, 34, 36 and 37 of the "Enzymatic characterization" 
article. Therefore, because the use of generic amino acids is well known in the art and 
because claims 12, 14 and 15 are not independent and distinct, but rather equivalent, 
Applicant respectfully requests that Examiner withdraw its restriction/ election 
requirement and moreover, that he accept new claims 16 through 19 that read on the 
elected decapeptide and more particularly point out Applicant's invention. Further, 
because the use of generic amino acids is well known in the art, it is not new matter and 
the new claims are fully supported by the originally filed application. 



10 
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Because the decapeptide in claim 13 is different from the sequences of claims 12, 
14 and 15, Applicant cancels claim 13 without prejudice and reserves the right to file a 
divisional application directed to that decapeptide. 

Conclusion 

In view of the foregoing, Applicant respectfully requests that Examiner withdraw 
its restriction/ election requirement and further accept New Claims 1 6 through 19- With 
this amendment and response, no new matter has been added. Reexamination and 
reconsideration of this application, as amended, is requested. If any additional fees are 
required for this Petition, please deduct the required amounts from Deposit Account No. 
500703 (Trojan Law Offices). 

Respectfully Submitted, 



Dated: May 5, 2005 




R. Joseph Trojan 
Reg. No. 34,264 



TROJAN LAW OFFICES 
9250 Wilshire Blvd. Suite 325 
Beverly Hills, CA 90212 
Tel: (310)777-8399 
Fax: (310)777-8348 
Customer No. 23388 
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(57) ABSTRACT 

A mutant prenyl diphosphate synthase capable of synthesiz- 
ing prenyl diphosphates, shorter than those ^synthesized by 
the original enzyrue, by modifying the amino acid sequence 
in and upstream of the aspartic acid-rich domain DDXX 
(XX) D (X denotes any amino acid, and XX in the paren- 
theses may not be present) present in region XI of the prenyl 
diphosphate synthase. 
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FARNESYL DIPHOSPHATE SYNTHASE vital lo life have been synthesized. Just to mention a few, 

there are cytokimns thai arc plant hormones and isopeuienyl 
BACKGROUND OF INVENTION adenosine-modified iRNA that use henntcrpcoes as their 

1 field of Invention precursor of synthesis, gyrambls and that isomer ncinl 
The present invention relates to a novel mutant enzyme * belonging to monoterpens are the main components of rose 

which synthesizes linear prenyl drpbosphaies that are pre- perfume wtl a camphor tree extract, camphor which is 

cursors of compounds, important for onanisms, such as " insecticide. Sesqmhormooes include 3 u yen. !e botmontft 

steroids ubimiuVoat*. dolSloU, carotenoids, prenylated of insects, diterpcnes include a plan hormone mbbereLhn. 

protein^ animal Sr*S. phnThonnones, and Z L; a phc^oil^ ^ Zt^'^ 

^netic system encoding said enzyme; and a . method for » « «*» ^ c ° l ^cursors bindms eotnpo- 

Educing and using said enzyme/ * the purple membrane proteins of highly baiopbihc 

2 Related Art arctjaca, and vitamin A. 

Of fcc'fubitaneet having important functions in Furthermore, using squalen*, a ^terpen*, l^nftjf 

Ul . ' . . * » of steroid compounds have been synthesized, including, for 

Ofsamsms rs example, animaLx hormones vitamin 15, ecdysooe which 

^^1.1^*^.™)^^ afl F «eo-y 5 i» hormoa* of insects, a plant hormone 

pounds are also called tsoprenoids. terpenoids, orutpeoo., X membrane eta. VStrf. 

^r C ^^^t°i^^S f£2S£Z S«rf«W«P«.te »re procure of van- 
jmohemiterp e «s (^.roow ous pigment oforstuiisms and vitamin A are afeo important 

(CIS), diterpenes (<^). sesler^^ (p5>, tnterpapes eompoW* derived from active isoprenoids. Compound* 

(C30), tctr.tcn.enc. (C40). and the ldm^u actual bto^o- ^^Xrc f .hyU.ph«whytin.tooopherol{vil»miil|).Md 

thesis starts with toe mev.tan.tn pafcway trough which ^SSoKl)« also derived from tester- 

mevalonic acid-5-diphOSpbale fa synthesized, followed by 17;'^ k ' 

the synthesis of isopentenyl diphosphate (1PP) which is an P^T" 

active isoorene unit. The activs isoprenoid synthases that sequentially eon- 

_ ... ... . „ ;, .... „ , 25 dense isopentenyl diphosphates with such allylic substrates 

£2 active isoprene unit. Kmcthyl.Hyt diphosphate ^phosphate, gcraoylgcraiiy 

£ -a htd p t taws 

» t substrate in the .syolho^otnmpen hrtyl I adenine wh.cb „ ^ ' h ^ ^ maximum ^ llSngln of lbu maioc 

« known as . cyU.lc.nw. one of the plant ho^one^^,s ateo £ J diphosphate syn- 

known to uodeceo a randensahon reaction witb vsopenlenyl P ^ geran yl g cranyl diphosphate (GGPP 

diphosphate to synthesKc <*!^ *<""g^ STSe Snf "SS.*™ repo£ on purification, 

such as geranyl d]pbOS P hate (GPP), neryl diphosphate, far- J rncosurement, genetic cloning, and sequencing or 

ncsy. diphosphate (IW . geranyleeranyl d lp bo sp bate 3J co^mcs such^amesy! diphosphate 

(GGPF) m^^^^^^^ synuTasCe.ranylgi.nyl diphosphate synthaL. hcxapVcnyl 
d.phosphate (HexPP). hepwprenyl d.phosphate (HepPP), J^^* hcpU , prefly i diphosphate synthase, 

and the like. octaprcnyl diphosphate synthase, oonaprenyi diphosphate 

There are Z lype.nd E type condensation reacuons synt ^ y (sD ,LsyI diphosphate synthase), undecaprenyl 

Geranyl diphosphate « a product o£ C type ^drasM.M and 9ynlhaSc . aad the like from bacteria, arehaea, 

neryl diphosphate « of Z type condensation. Although, the SpTpUflla. and animals. 

-■'f T?:T^t?^ C <^2£™L -Z^ ^activefaopreooidsynthaaeacoasamtiogmebasisor 

diphosphate and ^raoylgeranyl <W>«£"e. ^ * chemic^ symhesfa of a great variety of compound* thai are 

condenaauon reaa,oo leads to the qite of namral cnem«: y y fcw 

rriSKto «in S tt» phosphate ester bond application due to their unstable nature and low specific 
e«rS IS ^e pj^pZpbate S and L carbon backbone aelMties. However, w«h the .sofahon of toMU. pre- 
S jn the molecule and to produce pyrophosphate as the nyi diphosphate synthases ^Erom ftermophihc baosna and 
CI Of the reaction. 50 "5 *° « enB »:* de 9 d,, « *T et " 3 "'" MW 

Faraeayl diphosphate or Bersnylgcranyl diphospbale a^'X 05 "» ^y™ 6 ta » ">or"S«<»- 
serve as a reaction' substrate leading 10 *e synthesis of . With regard to fern^l diphosphate synUaase a gear t w» 
prenylated proteins (from famesyl diphosphate or gera- isolated from Bocllus s Ka r«!wrmopb,las * medium 
nylgcr.i Q yl diphosphate) ruprcsetned by G proteins that are thcrmophde. and an enaycoe hav»g a medium thermal 
imp^riam in the mechanism of signal transducer in die cell; jj stability was prepared using £scW«n «fc « ; hoa 
ceUmembrane lipids (from geraoylgeranyl diphosphate) of Koyama et ^ (1993) J Biochem., 113 ^ 
arcbaca: sqtialeoc (Item farnesyl diphosphate) which is a Unexamined Patent Pub .cation No f<WW"»"V ™> 
precursor of steroids, and phytoene (from ger«ylg«ranyl regard to geranylgeraoyl dtphoaphat^ 'J^SihSS Tri 
diphospbotc) which is a precureor of carotenoids. Prenyl isolated from hig» therroopmles swh as Sufrtobtuj*- 
diphospbales&omhcxapreayl diphosphate and heptapreoyl CO doeaUaniaanATlu^lktm^u^^Okmm»H»l. 
Sm having six and seven isoprene units, (1994) J. Biol. Chem.. 26* •J^S^^ST'a 
reLctiVely to prenyl diphosphates having ten isoprene amined Patent Publication No. 7(1995>308l93 and: ^pa- 
Snte^w toS-ol. S?the synthesS'of ubi^one nese Unexamined Patent Pnblicalion No 7(1995>294956], 
and menaqtiinooe (vitamin K2) thai work in the electron and eoiymes having a high thermal stability were prepared, 
transport syswm. ss Furthermore, witb regard lo the prenyl diphosphate syn- 

Furibermore via the biosynthesis of these active-form thass having the functions of both of the tamesy] dipbos- 
isoprenoids, a Cast number of kinds of compounds that are pftate synthase aad the geranylgeranyl diphosphate synthase. 
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flic enzyme and I he gone encoding it have been isolated fconi phate synthase or the gene thereof (bill produces farnesyt 

highly thermOpbile Methafloboctariwn thermoaulOfttiphi- diphosphate and that retains the property owned by the ihe 

cum [A- Chen and D. Poulicr (1993) J. Biol. Qiem., 268; prenyl diphosphate synthase prior to mutation. 

11002-llQin; A. Chen and D. Poulter (1994) ARCHIVES fj Qm t he information On the nucleotide .sequence of the 

OP HJOCHEMSTRY AND BI0PHYTS1CS 314], and Ihe 5 gene of the geranylgcranyl diphosphate synthase of the 

thermostable nature of the enzyme has beta demonstrated. mutant Sutfolobas aculocaldariiu (S. addocaldarmi), it was 

However, in the synthesis of farncsyl diphosphate/ clarified that out of Uw two Aspartic acid-rich domains th a I 

geranylgeranyl diphosphate derived Erom Methnnobacte- have been proposed based □□ the analysis of the amino add 

rhtm thermoauiotrophicum, there arc no reports on the dati sequence of prenyl diphosphate synthases, the amino acid 

of torn layer chromatography analysis etc, that can specify l* residues within the aspartic acid-rich domain conserved 

the chain length of the reaction products in connection with. sequence I (DDXX(XX)D) at the amino terminal side or the 

the assay of the enzymatic activity; the Chain length has been five amino acid residues to Ihe N-Lerminal side from the 

estimated by measuring gcranyl diphosphate as the allylic amino terminal of said conserved sequence 1 are involved in 

substrate. Since geranyl diphosphate can also serve as a the control of chain length of the reaction products, 

substrate of geranylceranyl diphosphate synthase, il is Thus, the present invention provides a mutant prenyl 

unlikely that the measured activity includes that of the diphosphate synthase having a modified amino acid 

farnesyl diphosphate synthase alone. sequence, wherein 

Moreover, the presence of faracsyl diphosphate synthase n least one amino acid residue selected from (a) the 

has not been confirmed in arcbaca that are expected to have amino acid residues in between the amino add residue 

enzymes having higher (benno stability,, higher salt-stability located at the fifth position fa the N-terminal direction from 

and lower-plI-Stability, D of the N-tcrrninal and the amino ackl residue located at lb« 

As mentioned above, the use of the Eamesyl diphosphate first position in the N-terminal direction from 13 of said 

synthase derived from Bacillus srearathcrmopitihs resolved N-tCfmfoal of the aspartic acid-rich domain DDXX(XX)D 

part of the problem of the enzyme being unstable and ^ (wherein X sequence denotes any amino acid, and the two 

difficult to handle. But, an enzyme having a higher thermal X's in the parentheses may not be present) present in region 

stability would be more stable and more amenable to indus- U, and (b) the amino acid residue located at the position in 

trial application. tbc N-terroioal direction from D of the C-terminal of said 

Moreover, some prenyl diphosphate synthases having a aspartic acid-ricb domain has been substituted by another 

longer chain length use famesyl diphosphate as a substrate. 30 *atix\o acid, antj '°r 

When such a long-chain prenyl diphosphate synthase is used additional amino acid(s) have been inserted in between 

simultaneously with a famesyl diphosphate synthase for the the amioo acid residue located at the first position in the 

purpose of providing the substrate of the former enzyme, the N-terminal dirccu'on from D of the C-tcrminal and I) of said 

latter crayme must have stability which is equal to or higher C-termtoal of said aspartic acid-rich domain, 

than that of the long-chain prenyl diphosphate synthase. 35 fh c present invention provides a famesyl diphospbate- 

When industrial production of famesyl diphosphate is producing mutant pre nyldi phosphate synlhasc which re tains 

contemplated, the enzyme must be immobilized or recov- uc properties that wen; owned by the native prenyl diphOS- 

cred for recycling. When it is regenerated, the enzyme itself synthase. 

to be more stable, must have higher thcrmo stability, higher ^ pnscnl i n vcndon also provides a DNA or an RKA 

salt Stability, and higher Stability in a wider range of pH. 40 encoding the above enzyme. 

It ha* hocn found out that of the two aspartic acid-rich Thc pfcscnl invcDl i D0 f Uft bef provides a recombinant 

domains that have been proposed based on the amino acid ^ mofC spcciflcM]y ^ cxprcss ion vector comprise 

Sequence of the prenyl diphosphate synthase, the amino acid . ^ abQVC DN/V 

residue located at the fifth position in the N germinal dircc- *L L e ^. . . . , ,^,c MM , A 

. , _T . mnV v/vv\riN , The present invention further provides a host transformed 

tion from the conserved sequence I (DDXX(XX)D) as ™ " ft%r 

(wherein X denotes any amino acid, und the two X's in the by the above vector. 

parentheses may not be present) of the aspartic acid-rich The present invention further provides a process for 

domain in the amii*-tcrn\in*I side is responsible for con- producing prenyl mphosph ate* having not more than 15 

trolling the chain length of the reaction product. Hence, a carbons comprising ihe step whereto he above enzyme is 

method has been invented that controls the reaction product so brought mto contact with a substrate sekctcd from the group 

Tor Ihe purpose of lengthening the chain length of the consisting of isopentenyl diphosphate, dimetbylallyl 

reaction product [Japanese patent application No. 8-191 $35 diphosphate, and gcraayl diphosphate, 

filed on JuL. 3, 1996 under the title or "A Mutant Prenyl The present invention further provides a process of pro- 

Dipbosphatc Synthase""]. Tbc enzyme produced using Ihe duclion of a mutant enzyme accurdin£ to any of claims 1 Jo 

method enables production of reaction products that have 55 8, said method comprising the steps of culruring thc above 

several chain lengths- However, methods have not been nol host and of harvesting the expression product from ihe 

known that induce mutation of geranylgeranyl diphosphate culture. 

synthase to control tbc reaction products to be ^in thesho* EXPLANATION OF THE DRAWINGS 

chain-length side in order to produce famesyl diphosphate. djsw c/vj-^ mm 

60 FIG. 1 is a graph showing thc regions (I) tt> (V) and the 

SUMMARY OF INVENTION aspartic acid-rich domain I of various prenyl diphosphate 

It is an object of the invention to establish a process Cor synthases. In thc %urc, the sequence represents Ihe amino 

producing famesyl diphosphate synthases by modifying acid sequence of geranylgeranyl diphosphate synthase, and 
amino acid sequences of prenyl diphosphate enzymes. A ATGTCRPYRS is thc one derived f mm Arabidopsis thalian^ 

ocw enzyme that is more stable or that has a high spcciEc 05 LAI 577 S p torn Lupinas dim, CAGERD1S from Ozpv- 

activily more adaptable to industrial application would mafce cum aruwum, ATOGPSRP from Arabidopsis thaliamt, 

it possible to obtain immediately a mutant prenyl diphos- GGPS-pcp from Sulfolobta acutocaidarius, SPCET.pep 
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from Rhodobactor sphneroides, RCPH5YNG /com Rhodo- amino acid residue selected from (*) the amino ac£d residues 

£acr<?r capsutotus, EH CRTS, pc from Erwinia Htrbicola, in between the amino acid residue located at the 6ftb 

MXCRTNODA from Myxacoccits thaliana, and position in the N-terminal direction from D of the 

NCAL3.pep from Neurospora crassa. The number indicated N-tercninit and the amino acid residue located at the first 

en the left of each amino acid sequence represents Lbc site s position in the N-terminal direction From D of said 

from ihc N-terannal side of each gcranyigcranyl dipbos- K-ternunal of tbe aspartic arid-rich domain DDXX(XX)D 

phate synthase al ihc N4erminal of the amino acid sequence. (wherein X denotes any amino acid, and me two X's in the 

HO. 2 is a graph showing the thermal stability of the parentheses may not be present) present in region If, and (b) 

mutant prenyl diphosphate synthase. The ordinate shows the mc aa)iafl ^ d Iocalcd al lhc first posilioo in the 

relative activity to 100% at incubation at 60* C Tlie abscissa 10 N . lttftX \inal direction from D of the C*ermmal of said 

shows the incubation temperature, SacGGPS is. the gcra- ^oute acid-ricb domain has been substituted by another 

nylgeraoyi diphosphate synthase prior to mutation. The amino add, and/or 

□then. BpMMi iht «ytwt type enzyme of BrtFRfc idditionai oae or ^ miag ^ hlvc bcen 

the fiimesyi diphesphate syotha* derived from Baulk* ^ betWMa ^ 4mino ^ loclted lt the te p^,, 

XeanrturmtpllMus. . W in Ihc N-tcnninal side from D o£ the C-lcraiioil and D Of 

FIG. 3 shows a photograph oEa d * V * 1 ^ tn ^^;* 0 f said CMimtal of said x-spartic acid-rich domain. 

represents tbTsolVtnt front ^ WtivC P™* 1 <«P**P»>™ ^< h **'. l 

C01I is geraniol, FOH is farnesoi. GGOM is geraoyl Itt accordance w ^ the present invcnQon. by way of 

geraniol, and GPOH is B *ranylfar**SOl, and these are pro- example, the gene of the gcrany gcranyl I mphosphate 

Scedfroindep*^^ of a highly ^rmop^Uc archaea . globus 

nesyl phosphate, geVanyWnmyl diphosphate, and gcranyl- 25 is used as the starting materia^ Su(fohbus 

fwrWyl diphosphate, respectively. SacGGPS is the ^docaldanus is pliable from AITX. asAlCCNn. 33909 

eeranylgcranyl diphosphate synthase prior to mutation. Toe ™; method for clown* the gene has been described it idetaU 

ofcc* are e*ctl mmanrenzymos. in Japanese Unexamined Patent Publ.eauon No. 7408193. 

7 J 1 has also been disclosed with the accession No. D28748 in 

DETAILED DESCRIPTION ^ ,fc, e gene information data base such as GenDank. By using 

It has been proposed that there arc five conserved regions the sequence it can be cJoncd in the conventional method 

in the amino acid sequence of a prenyl diphosphate synthase known in the art An example of the other cloning methods 

(one subunit in the case of 1 hclcrodimer) [A. Chem ct aL, is illustrated in Example 1 herein and its nucleotide 

»>rotem Science M>1. 3, pp. 600-607, 1994]. It Is also known sequence is shown as SEQ ID No: % 

that of the five conserved regions, there is an aspartic ^ More specifically, the mutant enzyme of the present 

acid-rich domain conserved sequence I [DDXX(XX)D] invendnn is a mutant prenyl diphosphate synthase charac- 

(wherein X denotes any amino acid, and the two X's in the leriacd in that at least one amino acid selected from pfaeuy» 

parentheses may uoLbc present) in region IT. Although there talanine in position 77, tbrcooinc at position 75, valine at 

isabonnasparticacid-ricbdomainindicflledas u DDXXD M position SO, histidine al position 81, and isoleucine at 

in region Vj he aspanic add -rich domain used to specify the 4Q position 84 has been substituted by another amino acid* 

modified region of the amino acid sequence of the present and/of araiao add(ft) have been inserted in between isoteu- 

invention is the one present in region It, and this domain is cine at position 84 and methionine at position 85 in the 

termed as the aspartic acid-rich domain I as compared to tbe gcranylgeranyl diphosphate synthase having the amino acid 

aspartic acid-rich domain II present in region V. sequence as set forth in 5EQ 113 Nn: 1. 

As the prenyl diphosphate synthases having the aspartic 45 gy way of example, there is provided the amino acid 

acid^ricb domain as described above, there can be mentioned sequences wherein the amino acids have been substituted aS 

famesyl diphosphate synthase, geraoylgerany! diphosphate shown below: 

synthase, hexaprenyl diphosphate synthase, heptaprenyl Mutam cjVcysM 1: CnangCfi fto m threonine al position 78 

diphosphate synthase, octnprenyl diphosphate synthase, ^ phcpv i aJaninC4 aod histidine it position 81 to alanine; 

nonaprenyl diptesphale syntha«, undecaprenyl a^os- 5fl threonine at position 78 

phate synthase^ ^ » XnyUlanine, and histidine at position 81 10 ^cine; 

thu farncsyl diphosphaJC synthase of Bacillus » pnqiy«»"«», «««wui t~ » 

sKarodiermoptiilus, the famesyl diphosphate synthase of Mutant enzyme 3: Changes tiom phenylalanine a post- 

Escticrichia COU. lbc famesyl diphosphate synthase of Sac- 77 to lyrosine t ibrconme al pOSitiOQ 78 in phenylalanine. 

cJiaromyrtS wrevisiae, the famesyl diphosphate synthase of M aod hiStidme at position 81 10 leucine; 

the rat, the famesyl diphosphate synthase of the human, the Mutant enzyme 4: Changes from phenylalanine at posi- 

gcraoylgeranyl diphosphate synthase aZNeiuvspora crassa, lion 77 to tyrosine, threonine al position 78 to phenylalanine. 

the hexaprenyl diphosphate synthase of SaccJictromyces and histidine at position 81 to alanine; 

cerevisiae, and the like. Mutant enzyme 5: Changes from phenylalanine at posi- 

By way of example of some of these, regions I to V and ffl tion 77 to tyrosine, threonine at position 78 to serine, valine 

the aspartic acid-rich domain I (in Che box) in region II of the at position 80 to isoleucine, and isoleucioc at posiuon 84 to 

amino acid sequence of geraoy lgeranyl diphosphate syn- leucine, and an insertion of proline and serine in between 

thases arc shown in FIG. 1. " * isoleucine at position 84 and methionine ai posiuon 85. 

The present invention can be applied to any prenyl In accordance witb the present invention, it is indicated 

diphosphate synthase having the aspartic acid -rich domain L 55 that the mutant prenyl diphosphate synthase retains the 

'la accordance with the present invention, ia the amino cb*r»clefisnc properties thai wbtu owned by the naiive 

add sequence of a prenyl diphosphace synthase, at least one prenyl diphosphate synthase. Byway of example, the above- 
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mentioned five mutant enzymes show ihenra resistance thereof) and toe initiation codon ATG is important as the 

almost equal lo that owned by the native geranylgcranyl sequence regulating the ability of synthesizing protein from 

diphosphate synthase. mRNA. Ic is also well taiowa that a terminator (for example,. 

It is known that an enzyme can sometimes exhibit its a vector containing rm FT) T 4 is commercially available 

original enzymatic activity even wheo it bas been modified 5 from Pharmacia) that directs transcription termination at the 

by addition, removal, and/or substitution of one or a Few 3'-cod affects the efficiency of protein synthesis bv a recom- 

amino acids as compared to the original amino acid binaot 

sequence. Therefore, the present mvention is Jntended to M ^ that can be used for preparation of the 

encompass those enzymes that have been mod£c<j by recombil)jml vectors of me prtseat invenUon. commercially 

additmo, dctet*m, and/or snbstitu^n of one or a few, for 10 J^SSEt^ 

example up to five, or up lo 10, amino acids as compared Id 7 . . ' ' ,. . , * 

the amino acid sequence as set forth in S£Q ID No: 1 and «* meoUoited Aa are dcrrved depending on the intended 

that can perform** original function. ^i^T^SS! can be mentioned pBR322 : pBR327. 

Tne present invention also provides the genes encoding j*^* ^^Si^^^ciT 

various mutant enzymes mentioned above, ihe vectors con- f< ^J? p ^V fi & UCl n ^ pU ?V^ 

lainingthcacgenc^^ 15 ^L^^J^ 1 ^' 

hosts transformed by said vectors. The gene (DNA) of ihe PHSG3P6, and the like that have been altered to enhance 
present invention can he readtry nbtamed, for example, by «W ambers; and pACYC177, pACYCl&4, and the tike 
inlfodncing mutation into tbe DNA encoding the original toal ^ave a rephcon derived from pl5A; and, furthermore, 
amino acid sequence as set forth in SEQ ID No: 1 using a ^ plasmids derived from pSCUH,Co1El, R1.H factor, andthe 
convefltiooal method such as site-directed mutagenesis, " "* c * 

PCR and the like. Furthermore, fusion protein-expressing vectors that 

Furthermore, once tlw amino acid sequence o£ the desired cnablc "» sicr puriiicalion such as pGEX-2T. pGEX-3X, 
enzyme has been determined, an appropriate nucleotide pMaJ-c2 may be wed. One example Of Ihe gene used a* the 
sequence encoding it can be determined, and the DNA can starting material of the present invention has been described 
be chemically synthesized in accordance with a conven- 25 * Japanese Unexamined Patent Publication No. 7-3081*3. 
lioaal method of DNA synthesis. Furthermore, in addition to plasmids, virus vectors such 

The present invention iiinher provides an expression as X. phage or M 13 phage or transposon may be used far the 
vector comprising DNA such as the one mentioned above, transformation of genes. With regard to the nansformatinn 
the host transformed by said expression vector, and a method M Of tbe gene into microorganisms other than Escluiridua coU f 
tor producing the enzyme or peptide of the present invention gene transformation into organisms of genus Bacillus by 
usinc these hosts pUBHO (commercially available from Sigma) or 

Expression vectors contain an origin of replication, P HY300t>LK (commercially available ^m Takam Shuzo) 
expression regulatory sequences etc., but they may differ » ^own These vectors arc , desenr^d in -Motec^ar <^n- 

procTyoxs, for example, bacteria such as Escherichia cnli, " 5 Spring Harbor Laboratory Press) and "Cluntns \fcctor" (P. 

organisms of genus B«ilh» such as Bacillus subtil* and H. Pouweb B. B. Eogcr, Volk, and W. J. Brammar, 

eukaryoUc mi^urganisms Cor example, fungi, fur example £l~vier). and cattlomies of tbe manufacturers, 

yeast, for example Sacdmromyces csrevbtae of genus Sac- Integration of the DNA fragment encoding the prenyl 

charomyces and Pichia pastoris of genus Piehia, filinicu- ^ diphosphate synthase and, where needed, the DNA fragment 

tous fungu for example the genus Asperaillu* such as having the function of rugulating expression of tbe gene of 

Aiperaittus niger, animal cells, for example the cultured said enzyme into these vectors can be performed by a known 

cells of the silkworm, cultured cells of higher animals, for method using an appropriate restriction enzyme and ligase. 

example CHO cells, and tbe like. Furthermore, plants may Specific examples of the plasmids thus constructed include, 

also be used as the host. 45 &t pBs-SacG(3J5. 

As set forth in Examples, in accord once with the present As the microorganisms into which genes can be dirccUy 

invention, hy cultivating the host transformed by the DNA introduced using such recombinant vectors include Escheri- 

Of the present invention, farnesyl diphosphates may be ch& coli and microorganisms of the genus Bacillus. Such 

accumulated in the culwrc brotfi, which may be harvested to transformation can also be carried out using general method, 

produce their farnesyl diphosphates. Furthermore, in accor- 50 for example tbe CaCU method and the protoplast method as 

dance with the invention, farnesyl diphosphates may also be described in "Molecular Chming" .(J. Sambrook, £- F. 

produced by contacting the mutant prenyl diphosphate syn- Fritscb, and T> Maniatis, Cold Spring Harbor Laboratory 

those produced by the method of the invention to tbe Press) and "DNA Cloning" W. 1 to III (D. M. Clover cd.. 

substrate isopenlenyl diphosphate and each altyl substrate IRL PRESS). 

such as diracthylollyl diphosphate and gcrany I diphosphate. 55 In order to produce the mutant enzyme of the present 

When Bscherichia coli is used as Ihe host, it is known that invention, a hcsl transformed as above is cultured, and then 

the host has the regulatory functions at Ihe Stage of trao- said culture is subjected lo any method comprising sailing 

scribing; mRNA from DNA and of translating protein from out, precipitation with an organic solvent, gel 
mRNA. As the promoter sequence regulating mRNA chromatography, affinity chromatography, hydrophobic 

synthesis, in addition to the naturally occurring sequences « chromatography, ion exchange cbromato&rapby, and the like 

(for example, lac, irp. bla, Ipp, ? L , P*, ter, T3, T7, etc.), there to recover and purify said enzyme. 

are known their mutants (for example, lac UV5), and the The present invention also provides a process for prooue- 

scquences (such as lac, trc, etc.) in which a naturally ing farnesyl diphosphates using the enzyme of the present 

occurring promoter is artificially fused, and they can be used invention. According to this process, the enzyme of the 

for the present invention. cs present invention is reacted with a substrate in a medium, 

It is known that the distance between tbe sequence of the particularly an aqueous medium, and then, as desired, the 

ribosome biding site (CCACC sod similar sequences prenyi diphosphate is harvested &00 the reaction medium. 
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As the enzyme, not only a. purified enzyme but also a crude 
enzyme that may be semi-purified to various stages, or a 
mixture of the cultured broth of a microorganism may be 
used. Alternatively them may be used immobilized enzymes 
prepared accord tog to Jthc general method from said enzyme, 
said crude enzyme, or a product containing the enzyme. 

As the substrate, there may be used dimethyl allyl diphos- 
phate* or gexaayl diphosphates and feopcotenyl diphos- 
phates. As the reaction medium , water or an aqueous buffer 
solution, for example Tris buffer or phosphate buffer and the 
like, may be used. 

By using the method of producing the mutant prenyl 
diphosphate synthase obtained by the present invention, the 
mutant prenyl diphosphate synthase derived from a archaea 
may be created thai is more stable and thus easier to handle 
and that produces prrenyl diphosphate. Furthermore, there is 
also expected a creation of the farne&yt dipbosphate- 
productng mutant prenyl diphosphate synthase (hat has the 
property of the prenyl diphosphate synthase prior to muta- 
tion (for example, salt stability or stability in a wide range 
of pH) added thereto. 

In the claims and the specification of the present 
iavention, amino acid residues are expressed by the One- 
letter codes or three-letter codes as described bcrcinbelow: 

A; Ala; alanine 

l>, Cys; cysteine 

D; Asp: aspartic acid 

E; Glu; glutamic ocid 

K; Phe; phenylalanine 

G; Gly; glycine 

H; His; histidtne 

I; Itc; isoleticine 

K; Lys; lysine 

L; Leu; leucine 

M: Met; methionine 

N; A*n; asparaginc 

P; Pro; proline 

0; Gin; glulaminc 

R; Arg; arginine 

S; Ser, serine 

T; Thr; threonine 

V; Vat; valine 

W; Trp; tryptophan 

Y; Tyr, lyrosine 

Substitution of amino acid is expressed in the order of 
■ the amino acid residue before substitution,'' "number of the 
amino acid rcsiduu," and "the amino acid residue after 
substitution,'' by the one -letter codes of amino acids. For 
example, the mutation in which a tyrosine residue at position 
81 jy. replaced with a methionine residue is expressed as 
Y81M. Furthermore, the insertion of amino acid residues is 
expressed by "the number of the amino acid residue at the 
K- terminal side of the Insertion site prior to insertion," **tbe 
ammo acid residue that was inserted," and **lha number of 
the amino acid residue at the C- terminal side of the insertion 
site prior to insertion." For example, the insertion of alanine 
in between the amino acid at position $4 and the amino acid 
at position 85 is expressed as 84 ASS- 
EXAMPLES 

The present invention is now explained with reference to 
Specific examples, but they must not be construed to limit 
the invention in any way. 
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Example 1 

Construction of a Plasmid Containing the Gene for 
Geranyiaeranyl Diphosphate Synthase 

* The gene for the geranylgcrany] dip hosp bale synthase 
(hereinafter referred to as SacGGPS) derived from Sulfblo- 
box actdncaldarlus was subcloned at the KindllT site of the 
. plasmid vector pBlucscript II (KS+) commercially available 
from Toyobosdd. The plasmid DNA was dungnulcd as 
pBs-SacGGPS. The SacGGPS gene is available from 
Eschcricfiia co/i E>H5a (pCGPSl) that was internationally 
deposited on Jan. 31, 1994 with the National Institute of 
Bioscience and Unman Technology Agency of Industrial 
Science and Technology, of Ibalaki, Japan under the aoces- 
15 sioa number of PERM BP-4982. 

Also, the entire nucleotide sequence of the SacGGPS 
gene has been published in Japanese Unexamined Patent 
Publication No. 7-308193 Shin-ichi Ohnuma et aL (1994) 
2Q The Journal of Biological Chemistry Vbl. 26*9: I 4792^14797, 
or in the genetic information data baok such as GenBank 
under the accession number D28748. Since Salfclobus act- 
docaldarius is also available from various depositories Of 
microorganisms such as ATCC etc. (as ATCC No. 33909), 
2J me DMA of the gene region of SacGGPS can be obtaiocd by 
the conventional genu cloning method. 

Example 2 

Synthesis of the Oligonucleotides for Introducing 
30 Mutation 

For introducing mutation of Ibe gene of geraoylgcranyl 
diphosphate synthase, the following oligonucleotides were 
designed and synthesized: 
35 Primer UNA (T7HF. Htfl A): 

S'-CATACTTTTTTCCTTGTGGCTGATGATATCATG 

GATOj' (SEQ ID No: 3) 
Primer DNA (T7SF r HS1L): 
. S'-CATACl TTT 1TCCTTGTG CTTC ATG ATATC ATG 
40 GAXC-3' (SEQ ID No: 4) 

Primer OKA (F77Y, T7SF, H31L): 
5 1 -CATACTTAT1TCCTTGTG CTTG ATG ATATC AT 
GGATM' (SEQ ID No: 5) 
45 Primer DNA (F77V, T78F, H81A): 

S'-CATACTTATTTCCTTGTG 0 CTG ATG ATATC AT 

GGATC-3' (SEQ ID No: 6) 
Primer DNA (F77Y, T78S, V801, 1841., 84PS8S): 
S'-GTTCTTCATAClTArTCGCTTATTCATGATAGT 
50 ATT-3' (SEQ ID No: 7), and S'-ArTCATGATGATC 
TTXXL^GATGGATCAAGAT-3* (SEQ ID No; S). 
Introduction of the mutation (F77Y, T78S, V80I, 184 L, 
&4PSS5) was effected using two nucleotides. First, mutaiion 
was introduced as mentioned in Example 3 using the oli- 
55 gonucleotide 

S'-GTTCTTCATACTTATTCGCTTATTCATGATAG 
TATT-31 (SEQ ID No: 7) and a transform ant was prepared 
in accordance with Example 4, and furthermore mutation 
was introduced into the plasraid thus obtained using the 
60 oligonucleotide 

y-AITCATGAXGArCTrCCATCGArGGATCAAGAT- 
3" (SEQ ID No: 8). 

These nucleotides have a mutation in the codon encoding 
at least one amino acid residue selected from phenylalanine 
65 at position 77, threonine at position 73, valine at position $0, 
histidinc at pOSiUoo 81, and isoleucine at position 84 ia 
SacGGPS. Io addition to the introduction of the codon 
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encoding an amino acid that has been inserted in between. Example 4 

iso leucine at position 84 and methionine al position 85, they _ , „ _ . „ . _ 

are designed to newly introduce the cleavage site of the JgK??^ * * "i™^ C '?* W , 

rc^ricUon enxyme BspHI (5TGATGA3% Ac cleavage site Whlcb SubslUutwn-Mu bUoo Has Been Introduced 

of the restriction enzyme EeoRY (5'GATATC3% or the i ,nta lnc SacLrC,Pb Gcnc 

cleavage site of the restriction enzyme Clal (5WCOAT3'). The DNA solution constructed in accordance with 

In ibe introduction of the cleavage .site of BspHt, the amino Example 3 was used to transform Eschericfila coii XLl- 

add sequence encoded by the SacOGPS gene docs not Blue by the CaCU method. An alternative method such as 

change due to degeneracy of codons, or it is a site for an electroporalibn gives a similar result. A host cell other than 

introduction of mutation. This is used to detect the 10 Eschericlria coii XLl-Bhic, for example JM109 arid the. like 

SUbstitution'mulatcd ptemid try means of agarose gel eleo- also gave a similar result. 

irophorcsis after digestion with an appropriate restriction The uansformant obtained by the CaCl 3 method was 

enzyme, since the introduction of mutation by substitution plated 0010 the agar plate containing a rap iciJlin, a selectable 

into the SacCGPS gene simullaneously produces new cleav- marker of transformanls, and was incubated overnight at 37° 

age sites of restriction enzymes. 15 C t 

These primer DNA's wens subjected to phosphorylation Qf lhg twasfofljniint!t obtained as above, the substitution- 
treatment at 37* C. for 30 minutes in the reaction medium pBs . SacGG PS pldsrnid that hls a clMVlgc site of 
shown below followed by deputation at 70° C for 10 BspH!t or ChI was xicGUidm Th c nucleotide 
tmau,cs: sequence in the neighborhood of the codon corresponding to 
10 pmoV/4 primer DNA 2 pX ^ the amino acid residue that undergoes mutation of the 
lOxkinaliOn buffer 1 /d SacCGPS gene Of the selected substitution-mutated pBs- 
10 diM AIT 1 id SacCGPS plasnaid was determined by the didcoxy mctbocL 
_ . As a result, the pBs^SacGGPS plasmid containing the fol- 
5 ** 1 ( lowing five mutated SacCGPS genes was obtained. The 
T4 polynucleotide kinase 1 >d . 25 nucleotide sequences encoding the amino acid sequences 
wherein the Khckinuuoa buffer is 1000 mMTns-a(pH 8.0), from lhft add al 77 to the amino acid at 
100 mM MgC1 2 » and 70 mM mT. position 85 is shown below: 

Exaeuole 3 Mutation Nucleotide sequence 

T77F, H61A: S'-TlTTf CCTTGTGGCTGATOA 

Thc Introduction of Substitution -Mutation of the iATCATG-y (SEQ ID No: 9) 

SacGCPSSGene T78 p ( HS1L: S'-TTTTTCCTTGTGCTTGATG 

Using each primer DNA constructed in Sample 2, ATATCATG-y (SEQ ID No; 10) 

substitution-mutation was introduced into the pUsmid pre- F77Y, T78F, HSlL: 5 -TAXTTCCTTGTG CTTG ATG 

pared in Example 1 in accordance with the Kunkcl method. 35 ATAFCATG-31 (SEQ ID Not n) 

Mutan-K kit commercially available from Talcara Sbuzo was F77Y. T78F. H81A: S'-TXITI CCTlGTGGCTCATGA 

used lo perform the Kunkcl method. The experimental TATCATG-iy (SEQ ID No: 12) 

procedure wis as described in the kit insert. The ?77Y, T78S, V80I, 184L, 84PS85: 5*-TATTCG 

substitution-mutation of thc plasmid need not be conducted CTTArTCArGArGArCfTCCArCGATG-3 1 (SEQ ID 

by the Kvokel method. For example, an identical result can 40 j^ 0: 13 ) 

be obtained by a method using the polymerase chain rcac- ^ ^ s^TTTACGCTTGTGCAXGATGAIXrTATO- 

lion (PCR). y ( SE0 ID Nw: 14 ). 

Using Eschericliia coii CJ236 in thc Mutan-K kit as the 

host coil, a single strand DNA was obtaiocd in which a Example 5 

thymine base in plasmid pBS-SacGGPS was replaced With 4S Measurement of Activity of the Mutant Prenyl 

a deoxyuracil base. Diphosphate Synthase 

The single strand DNA thus obtained was used as Ac Q ^ ^ ^ut^ns were prepared » follows from 6 

template in the reaction in which a primer DNA for syntbe- iransfotmante comprising 5 mulam SacOGPS genes and one 

suing a complementary strand was treated in the CoUowing ^ ^ SjlcGCPS gcoe obtained in Example 4. 

react™ solution at 65 C for 15 mmutes and t «n annealed ^ tracsformant cultured overnight in the 2*LB medium 

by allowing to stand at 37 C- for 15 minutes. was ^^g^ to narvcst cc!bt and ^ ^ ccll5 wcrc 

Single strand DNA 0.6 pmol suspended into a buffer for cell homogcnizalion (SO mM 

Annealing buffer soluiion 1 ;d calcium phosphate buffer solution (pH 5.8), 10 mM 

Primer DNA solution (Example 2) I /d ss P-mercaplocthanol. 1 mM EDTA). This was nomogenized 

H20 make lo a final volume of 10 /d by sonnicalion and then ccnlrilugvd at 4° C at 10,000 r.p.m. 

in which the annealing buffitr solution is 200 mM Tris-Cl for 10 minutes. The supernatant obuined was treated at 55° 

(pH 8.0X 100 mM MgCl.^ 500 MM NaCI, and 10 mM DTT. C. for 12 hours to inactivate the activity of prenyl diphos- 

Ftmhcrmorc, 25 /d or Ibc elongation buffer solution, 60 phatc synthase derived from Exliericfua cou*. This was 
unit* of Eschericliia coii DNAligase, and 1 unit of T4 DNA 60 further centrifuge d under the same condition and thc supcr- 

polymerase were added to synthesize the complementary natant obtained was used as a crude enzyme extract. When 

strands at 2$° C. for 2 hours. The clongaUon bufficr solution tbcrmo stability was investigated the enzyme extract was 

is 50 mM Tris-Cl (pH 8.0), GO mM ammonium acetate, 5 incubated at 60° C, 70° C or 80° C. (60* C, 65* C, 67° 

mM MgCi,, 5 mM DTT, 1 mM NAD, and 0.5 mM dNTP. C, or 70° C for the enzymes derived from Bacillus 

After thc reaction is over, 3 /d of 0.2 M EDTA (pH 8.0) <5S stzartthermophilus) Ebr one hour prior to rcectinn. The 

was added thereto and was subjected to treatment at 6S° C. reaction was conducted at 55* C. for 1$ jinnies in the 

for 5 minutes to Slop the reaction. following reaction solutinrr 
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13 14 

[l- ,4 CKsopcotenyl diphosphate (1 Ci/mol) 25 nmol The solved is evaporated &om the tenia indw of the 

Allylic diphosphate (mrany! diphosphate) 25 amol butanc-l layerby purging nitrogen gas thereinto while hcat- 

Potsssiom phosphate buffer (pH $S) 10 mM th * Iayef b 0Kler w 10 a of °' S 

ml. To Ibe coaccnlralu were added 2 ml of methanol and one 

MgCl* 5 mM s mI 0 f potato ag j<j phosphatase solution (2 mgAnl potato «cid 

Enzyme solution 100 jHg phosphatase, 0.5 M sodium acetate (pH 4.7)) to effect the 

hLO to make 200 p\ dcpbosphocylatioQ reaction at 37° C. Subsequently the 

After the reaction is over, 200 /d of saturated Nad was dcpbosphorylatcd reaction product was extracted with 3 ml 

added to the reaction solution and I ml at watcrcaiuratcd of n-pcatanc. 

butaaol was Added thereto, which was then agitated, lO This was concentrated by evaporating the solvent by 

centrifuged, and separated into two phases. To 800 pi of the purging nitrogen gas thereinto, which wis then analyzed by 

butanol layer obtained was added 3 ml of a liquid scintillator TLC (reverse phase TIC plate: LKCJL& (Whatman), devci- 

and then the radioactivity was measured by the scintillation opment solvent; accton* /water* 9/1). The developed dephns- 

counter. The result is shown in FIG. 2. phorylatcd reaction product was anaLyzed by the Bio Image 

The mutant prenyl diphosphate synthase has exhibited a 15 Analyzer BAS2000 (Fuji Photo Film) to determine the 

thenno stability which is equal to that of the native gera- location of radioactivity. The result when geranyl djphos- 

□ylgcranyt diphosphate synthase, and is higher than that of phate was used as the aJlytic substrate is shown in FIG. 3. 

tbc krncsyl diphosphate synthase derived from Bacillus The reaction product of the mutaat prenyl diphosphate 

stearotkerntcpttitus. synthase was shown to be a farnesyl diphospbaie. 

SEQUENCE LlfftllW 

(1 ) GOTERAL INFORMATION: 

(ill) NUHBER OP SEQVEUCEflt 14 

(2) INFORMATION FOR SEQ ID HO sit 

(!) SEQUENCE CELRRACTERLSTIC5 : 

<A) LENGTH 4 330 aiaino aclda 
<B) TYPE i amino said 
(D) TOPOLOGY: linear 

til) MOLECULE type: protein 

(vi) ORIGINAL SOURCE t 

<X) QfiCAttTRM; Sulfolobua aciooeoldajfie* 
<B) STRAlUr ATCC 33909 

<ixl FEATURE: 

(A) NAME/ KEY i Xfcp-rich domain 
<B> LOCATION; 

(xi) 8BQUESCE OESCRIPTIOiJ f SEQ US WOtli 

Met, Set Ty* Pha Aop Aeo Tyr She ktn ClU II* Vol. Aan Scr Val Aim 
5 18 IS 

Asp lie II* Lya Sax Tyr Ilo fier Gly Aap Vol PS© Lyo Leo Tyr Glu 
JO 25 30 

Ala Ser Tyr Mia L*u Pfc* Thr Bar Cly Gly Lya Ar 9 Leu Ara P*o Leu 
25 40 45 

lie Leu Thr lie S«B S»r Aap Leu Phe Cly Gly Gin Are Clu Are; Ala 
SO 55 6« 

Tyr Tyr Ala Gly Ala Ala II* Clu val Leu Hla Thr Phe Thr Leu Vol 
65 70 75 BO 

H*a Ac? Aop lie Bet Asp ClU Aop Aon He Are. Arg Gly Leu Pre Thr 
05 90 95 

Vol Bio Val Lyn Tyr Gly Leu Pro Lea Ala lie Ley Ala Cly AOS Leu 
100 105 LIS 

Leo Hio Ala Lya Ala Phe Gin Lea Leo Thr Gin Ala Leu Arg Gly Leu 
115 129 125 

Pro flcr clu Thr tie Ilo Lye Alo. Phe Aop Ilo Phe Thr Are. Sex He 
- 130 135 140 

Il« U* He Ser Glu Gly Gin Ale VAl Aop Met Glu Pha Glu Aap Arg 
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IS 16 

-continued 



145 150 153 160 

II© Aap He tyo Glu Gin Glu Tyr Leu A«p Hot Ho Bar Arg Lya Tttr 
165 170 173 

Ala Ala Leu Pbe S« Alo Sec 8er Ser tic <5Ly Aln L«u Jlc Ala Cly 
18D 195 190 

Ala AftO AB9 A«0 Asp Vol Arg Leu Not tor Asp Pho Cly Thr Asa Leu 
19$ 200 205 

Sly He Ala Ftae Gin He Vol AftP A*P He Leu Gly Leu ThJC Alft top 
210 215 220 

Clu Lya Glu Leu Gly Lya Pro Val The Sor Asp lie Arg Gltt Gly Lyo 
225 230 235 240 

Lya The He Lea Vol Ho Lya The Leu Olu Leu Cye Lyo Clu Aap Clu 
243 390 255 

Lya Lye He Vol L*u Lya Ala Leu Gly Aon Lye Sor Ala Sor Lya Glu 
260 265 270 

Glu Leu Met S«r Ser Ala Asp Ha He Lya Lya Tyr Sex Leu Asp Tyr 
275 280 283 

Ala Tyr A»n Leu Ala Glu Lyo Tyr Tyr Lye A*n Ala lie Aap Sex Leu 
290 295 300 

Aan Cln Val Ser Ser Lyo S** Aap Tie Pro Gly ty» Ala Leu Lya Tyxr 
305 310 J IS 320 

Lou Ala Glu She Tbff Ha Arg Arg Arg Lya 
325 330 

<2> XMPORMATtGH FOR SEQ 10 W>=2i 

(i) SEQUENCE CHARACTERISTICS* 

(A) LENGTH j 993 ©Aoe poire 

(B) TYPSi nucleic acid 
(C> STRANDEONESSs double 
(D) TOSOLOGYi linear 

iil) KOLJCuLB TTPT: geoonic DNA 

(vi) ORIGINAL SOURCE: 

(A) ORGANISM: 5ul£olobUp aCi4ocaldaxiua 
(B> STRAIN; ATCC 33P09 

(\x) FEATURE I 

(A) NJVtE/KEY ; Aep-rich domain coding 
Cb) LCCAT2X3T9: 246*258 

(Xl> 5EQU2NCB DESCRIPTIONS SEQ ED HO;2t 

ATGAGTTACT TTCACAACTA TfTTAATGAG ATTGTTAATT CTGTAAACGA CATTATTAAG 60 

AGCTATATAT CTGGAGATCT TCCTAAACTA TATGAAGCCT CAT ATCATTT GTTTACATCT 120 

CGACCTAACA GGTTAAGACC ATTAATCTTA ACTKEATCAT CAGATTTATT OGGAGGACAG 180 

JUiAGAAACAG CTTATTATOC AGGTGCACCT ATTCAAQTTC TTCAIACTTT TACCCTTGTG 240 

CATGATCATA TTATGGATCA AGATAATATC ACAASAGGGT TACCCACAGT CCACGTGAAA 300 

TACGGCTTAC CCTTAGCAAT ATTAGCTG3G GATTTAC3AC ATGCAAAGGC TTnCCAGCTC 360 

T7AACCCAGG CTCTTAGACC TTTCCCAAGT GAAACCATAA TTAACGCTTT CGATATTTCC 420 

AGTCGTKAA TAATAATIAT ATCCGAAGCA CACCCACTAG ATATGGAATT TCACCACAGA 480 

ATTCATAXAA AGGAGCACGA ATACCTTGAC ATGATCTCAC GTAAOACAGC TGCATTATTC 54 0 

TCGGGMCCT CAAGTATAGG CGCACTTATT CCTCCTCCTA ATGASAATCA TCTAACACTB 600 

AIG7CTCATT TCGGTACGAA TCTAGOTAW GCATTTCAGA 7ICTTGACGA 7ASCTCAGCT S60 

C7AACACEAS ACGAAAAGSA ACTTCCAAAG CCTGTTTTtA CTCATA2TAG GGAGGGTAAA 720 
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17 

-continued 



18 



99 i 



37 



AM5ACTATAC WHUVTW* ™CAC^ CTTTOTAAAC A^ACCAGAA CA^GATTCTC 7,0 

CTAAAGCCOT TACGTAATAA OTCA«CTCA AAACAAOAAX TAllTCClC ACCAGATATA 140 

ATTAA&AAAI ACTCTTTACA TTATSCATAC AATTIASC** AGAAATATXA lAAAAIttOCT 90. 

MNMCXCK TAAATCAAQT CTCCTCTAAC AGITATA* CTCOAAAGCC TTTAAAATAT 560 
CTA<3CTI3A«T TTACGATAAQ AAOCADAAAA TAA 

(2> Q*7OBMATI0» POft S2Q Xt> W^t 

(i> 5Z0VEVCE CHARACTERISTICS: 

(A) LENCTKs37 

(B) T*PBi nVwlei-c «cid 
(O STRANDBDNES & ; single 
(D) TOPOX^CTi iinaa* 

(ii) HOLECULB TYPE J CPNA 

(xi) SEQUENCE DB3C&XP7ICH! SEQ 10 Mt>» 3 J 

. CATAC1TTTE TOCITCTCCC T^ATCATATC ATWATC 

(2) IHPQRHATIOa FOR 5^0 « » ,t! 

(i> SEQUENCE CHARACTERISTICS J 
(A> LENGTH: 37 
(H) TYPBi nWfllaic acid 
(C) STaANOBDNESBs »inglo 
.(0) TOPOLOGY s linaar 

(ii) MOLECIC-B TYPE* cWA 

(xi) SEQUENCE DESCRIPTION: SBQ IE> FO:4: 

CATACTTTT7 TCCTTCTCCT TGATCATATC ATCGATC 

(2) IHPOWATtOH FOR &BQ ID MO: 5 = 

<i) SEQUENCE CHARACTERISTICS: 
(A) LXNOTHsJ? 
(B> TYPSJ nucleic acid 

(C) STPAHDEDNES5J oinglo 

(D) TOrouOGYs liseas 

(ii) JtOIXCULE TYSS; COMA 
(Ki) SEQUBKCZ DESCRIPTION! SEQ ID NOi&i 
CATACTTATT TCCTTCTGCT TGATGATATC ATCGATC 

(2> INFORMATION FOR STQ ID NO:*: 

(1) SEQUENCE CHARACTERISTICS: 
<A) M2iOTHi?7 
(E) TYPE'- nucleic acid 
(C) STRAW DBDNESS x single 
(O) TOPOLOGY; linear 

(ii) MOLECULE TYPE » CDMA 

(xi> SEQOEKCS DESCRIPTION: SCO ID BOSS! 

CATACTTAXT TCCTTCTGGC TGATGA2ATC ATCGATC 

(2) IHFORMATXQH rCR SEQ XD *Oi7s 

(1) SEQUENCE CHARACTERISTICS ! 
(A) LSMCTHi 36 
(S) TYPE: nucleic acid 
(C> STRAMDEPHESS: single 
(D) TOPOLOGY: linear 

(ii) Kd-ECULE TYPES cCliA 



37 



37 
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-.continued 



36 



<*i> SEQUENCE DESCRIPTION: SEQ » »Oi7s 
GTTCTTCWTA OTATTCGCT TAltCATCAT ACTATT 

(2) INFORMATtOH FOR SEO XD VOsd: 

(1) SEQUENCE CHARACTERISTICS! 
{M LEHGTH'- 

(B> TYDSi aVfileie a*** 
(C) strAHDSDNESSi airvglo 
4D) TOPOLOtsv: linear 

(il) MOLECULE TYPEi cWA 

(xi) SEQUEHCB DBSCRrPTIOT! SEQ IO 

AMCATCATC AKTTTCCA1C CAXGOATCAA CAT JJ 

(2> DIFOPKATIOH TOR SEQ 10 HO-.9; 

(i) SEQUENCE CHARACTERISTICS: 
IA> LEW7TH3 27 

(B) TYPE: nuclei* acijd 

(C) STRWWETOESS: oLngle 
<D) TOPOLOGY i linear 

MOLECULE TYPE! CDKA 

SEQUENCE DESCRIITION: SEQ ID HO; 9* 

2? 

yrrrrcgrro tccctgatca taicatg 

(2) INFORMATION FOR Btfc X D * Q - 

(i) SEQUENCE CHARACTERISTICS! 

<A) LEWCTHs 37 

<B) TXPEi nucl*lc 

lO STRANDEDNESS: »ingl* 

(0) TOPOLOGY J linear 

(11) KOLECULE TTFti CtnfA 

(*1> SEQUENCE DESCRIPTION: SEQ ID NO:10: 

27 

Tcmccrm tccttcatga t^tcatg 

<2) IHTOWtATIOU TOR SEQ ID NO=ll: 

My 5EQ0EVCE CHARACTERISTICS t 
<M L2WCTHC 2? 

(B) TY^Et nucleic acid 

(C) STftAHPEDMESS s single 
(0) TOPOLOGY: lineac 

(ii) JiOLBCOLE TYPE: «2NA 

(xi) SEQUENCE DESCRIPTION i SEQ MO: Hi 

27 

TATTTCCTTG TCCTTGATCA TftTCATG 

(2) TH FORMAT ION FOR SEQ ID NO; 12* 

(i) EEQUTKCZ CHARACTERISTICS! 
(A) LEHCTBi 27 
<B) TYPEx nucleic ocid 
( C) STRANDEDNESS t Dingle 
|D> tOPOLOG*; linoetf 

. <ii> MOLECULE TYPBi cDVA 

(Xl) StQUERCZ DESCRIPTION: SEQ ID TO 5 12: 

2 

TATTieCTO TCGCTCATCA TATCATG 
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-continued 



<2) INFORMATION 5" OR S£6 ID WOiUt 

<i) SEQUENCS CfUJ»CTERXfi*tC5s 
(A) LEW COT i 33 
js> typei nucleic ecid 
<C> single 

MOLECULE TtVZ* eon* 
C5tl) SEQUENCE DBSCJUPMW *° 
TATTCQCITX TTCATCATCA TCTTCCATCG ATS 



(2) inFOiuwriOH ran SEQ id HOjKs 

li) SEQUENCT CHARACTERISTICS! 

(B) TYPBi nucleic acid 
<C1 3T?UU<0ECKBBS! ftinglo 
(O) TOPOLOGY: linear 

(ii) WOLSCULE TY»Bl *M?A 

SEQUENCE DPSCAIPTIOH: SEQ ID UOsK* 

ITTACCCTTC tGCATCATGA TATTAlC 



27 



7 A mutant enzyme according lo claim I wherein the 
fud amino acid sequence, wucrem ■ . J_ t lcasl occ add selected from 

"CVS X » T^X^utX^yi ^position 80, bislidine .« Position 81, and tsoleucoc « 
DjD^X^pC^CJD,. in region uotsjwiP ^ ittou 8 4 has been substituted by toother «nino acid, or 

diphosphate synthase. , 35 . - d v, ve ^ inserted in between 

3tSl Si - rSbUta* eeranvl^ranvl dipn^phate synthase as M fcnb . SEQ ID 
penalty preseni in the aspartic acid rich donum, aod No; t ^ synl ha« accordin 8 to 

of aT.be affl"o aid residue a, the fifth potion « Ll/or two amino acids have been 
u«tr«n. of D, and (b) the amino acid residue located ^cto at position 84and .ne.hion.ne »« » £ 
J» amino acid position upslreaa. of D* (2) at least one g^ylgenoyl diphosphate syotb.se as iiiUi SEQID 
additional amino acid insetted between D» and I ftefbsl NQ . 1( whlslein lho phenyl alanine »l position 77 has been 
amino acid upstream oID^or a combination o£(2) and replaaaJ wuh tyrosine, Ore tbieonmc at position 78 has been 
( 3 v so replsced with phenylalanine or serine, the valine at position 

wherein said mutant prenyl diphosphate synthase syotbe- go bas been replaced with isolcucioe. the histidine at posv- 
sIks prenyl diphosphate which is shorter thao i prenyl don 81 to been repUccd with leucine or alanine, ox the 
diphosphate synthesiied by a corresponding wild-type ^leucine at position 8« has been replaced with leucine; or 
enzyme. , « proline and serin* have been inserted in between the do- 

2. A mutant prenyl 

diphosphate synthase acoortimg to 55 ^ ^ i{kia 84 and tbe methionine at position*}, 

claim 1 whervin said mutant ha* Lhe enzymatic activities and ^ ^ prcnyl ap^t,^ synthase according to 

thenw ^ability of wi)* type prenyl diphosphate syM&as^ } 1 wbcrcill thfi muUct prenyl diphosphate synthase is 

3. A mutant enzyme aaofdir^ to claim 1 whejdQ the ^ frocrt ft naliv o geranylfiemnyl diphosphate synthase 
roaction product oC tbc prenyl diphosphMe s.ynlCiaBc is ^ ^ ejected from th* group coPsffiUng of Aw- 

prenyl diphosphate syntliase isderiv^ r^m archae^ ana^^o • ^ ^rfing t0 c |, io l 

[^ZS^^^^^ ^^.anseried^aON^accordingtocla.1 
acidocaldarius. 
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13. AtcDombioanl vector comprising a DNAaccording to 

Cl4 14. A host organisd totnrfonned with a recomMuaoi 
vvctor according to claim 13. 

IS A process for producing a mutant enzyme according 
to claim 1. said method comprising the slops of cultunxig a 
host transformed with an expression vector comprising a 
DNA coding for the mutant enzyme aod of harvesting me 
expression product from the culmrc. 



24 



16 A process for producing a prenyl diphosphate having 
not more than 15 carbons comprising the step of bringing an 
enzyme according to claim 1 or any of claims 2 to 10 or an 
enzyme produced by the method according to claim 15 ioto 
contact with a substrate selected from the group consisting 
of isopcnienyJ diphosphate, dixricuiylallyl diphosphate, and 
geraoyl diphosphate. 
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Abstract 

Using the "one-bead one-peptide" combinatorial technol- 
ogy, a library of random cyclic octapeptides and nona- 
peptides, consisting of natural and unnatural amino adds, 
.was synthesized on polystyrene beads. This library was 
used to screen for peptides that promoted attachment and 
proliferation of bronchioloalveolar carcinoma cells 
(H1650I, employing a "cell growth on bead" assay. 
Consensus peptide sequences of cNleDXXXXc and 
cXNIaDXXXXc (where Nla is norleucina) were identified. 
With alanine scanning and site^directed deletion, a typical 
ligand consisted of a motif off -NleDl/V/Nle- with two 
flanking cysteines. These peptide ligands were specific for 
promoting cell attachment of the H1650 ceils and the 
cells of lymphoid cancers gurkat and Rap) but not other 
selected human cell lines of lung cancer and fibroblast. In an 
antibody blocking assay, integrin o^, which was over- 
expressed in H1650, Jurkat, and Raji, was identified as a 
putative receptor for these peptide ligands. Using Chinese 
hamster ovary cells transected with either wild-type or 
mutant integrin ou> a critical binding Site for these peptides 
was localized to the glycine residue at position 190 of 
integrin cu. fMol Cancer Ther 2004;3<1 01:1329-34] 

Introduction 

Lung cancer is one of the most common cancers and is the 
leading cause of cancer death in the United States (1). The 
outlook for patients with lung cancer is poor, because |hey 
commonly present with advanced disease and their median 
survival is "10 months even with chemotherapy (2, 3). 
Molecularly targeted therapy has become a reality in the 
treatment of several cancers (4). Rituximab, a monoclonal 
antibody targeting cell surface antigen CD20, is being 



RaceivwJ 7/1 6/03: revised 6/1 1 /04r accepted 8/27/04. 

Grant support: Pamela Pond Scholarship and Joan's Legacy Fou*datipn 

grant ltatp://v*ww , joanalegacv.org). 

Th* co*ts of publication of this article were defrayed in part by the 
nnvrnent o* page cha/gss. This article must therefore fee hereby marked 
Smr? KSo«lanco with IS U.S.C Section 1734 to 
indicate this fact. 

Request* for reprints; Derick Lov, Division of HcmatolcovjOncoiogv, 
University of California at D*vi C Cancer Center. 4501 £ Street, 
Sac^entO, CA 95817. Phone: 91S-734-3772: Fax: 916-734-7946. 
6-maH; derkkJau@ucdmc-tjedavtn.edu 

Copyright <S> 2004 American Associate for Cancer Research. 



used to treat B-cell lymphoma (5). Trastuzumab, a 
monoclonal antibody targeting the cell surface receptor of 
HER-2/new (erbB-2), has been used for treatment of breast 
cancer (6). More recently, an antibody against the epider- 
mal growth factor receptor, cetuxirnab, has been approved 
for treatment of refractory colon cancer (7). We reason that 
unique surface receptor(s) also exist for lung cancer cells 
and that peptide ligands specific for these cell surface 
receptors could be identified. Our hope is to identify these 
peptide ligands and to develop them as diagnostic and 
therapeutic agents for this devastating disease (8), 

Recently, using the technology of combinatorial chemistry 
and a "cell growth on bead" assay, we have identified a 
novel cyclic peptide, lycysteine-L-asparaginerL-glycme-L- 
a r g inine-L-glyclne-t-glutamate-v-glutamine-D-cyste..oe 
(cNGRGEQc), specific for promoting attachment and 
growth of cells of non-small cell lung cancer on polyethylene 
glycol-linked polystyrene beads (9). Furthermore, we have 
identified integrin u»Pi as a putative cell surface receptor 
for this peptide Jigand. While screening for peptide ligands 
specific for lung cancer cells, we have also identified a 
croup of novel cyclic peptides specific for integrin ou 
overexpressed in a cell line of bronchioloalveolar carcino- 
ma, a histologic subtype of lung cancer. We are reporting 
the identification and characterization of these novel 
peptide ligands for promoting adhesion of cancer cells, 
which overexpressed integrin 04. 

Materials and Methods 

Coll Cultures m 
Human cell lines including H1650 (bronchioloalveolar 
carcinoma), A549 (lung adenocarcinoma), Calu-1 (squa- 
mous lung carcinoma), DMS-114 (small cell lung carcino- 
ma) Jurkat (T-^ell leukemia), Raji (Burkitt lymphoma), and 
Hs68 (newborn foreskin fibroblast) were obtained from 
American Tissue Culture Collection (Manassas, VA). The 
Chinese hamster ovary (CHO) lines have been described by 
Trie et al. and were obtained from Or. Y. Takada (University 
of California at Davis, Sacramento, CA). The lung cancer and 
fibroblast cell lines were maintained in DMEM, the CHO 
cells in DMEM in sodium pyruvate (110 m S^J™ ™ 
(100 ug/mL), and the Jurkat and Raji cells jrt RPMI 1640. All 
the culture media were supplemented tvith fetal bovine 
serum (10%), penicillin (100 units/mL), and streptomycin 
(100 ug/mL; Ufe Technologies, Grand Island, NY). 
Random Peptide Bead Library 

An "one-bead one-peptide" combinatorial library, con- 
taining TentaGel S-NH 2 polystyrene beads (Rapp. Polymcre 
GmbH, Tubingen, Germany) grafted with anuno-polyeth- 
ylene glycol and conjugated with random peptides ot a 
general structure of NH 2 -c(X)„c-COOH-, was synthesized 
using Pmoc chemistry and a split-synthesis approacn as 
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described previously by Urn et al (10, 11). For this random 
library, n represents six to seven amino acids in length; 
c deAotes ^cysteine at the NH, and. COOH termini 
providing intramolecular cyclizatxon by disulfide bonding; 
and X denotes 1 of 17 natural famine acids, excluding 
t-cysteine, l^arginine, and L-lysine, and 7 unnatural amino 
acids of L-hydroxyproline (Hyp), L-a-aminoisobutync acid 
(Aib), L-norleucine (Nle), L-phenylglycine, L-norvaline, 
L-cyclohexylglycine, and t-4-benzoylphenylalanine. (Note: 
L-cysteine was excluded to avoid intramolecular cycliza- 
tion, and the positive charged amino acids, L-arginme and 
L -lysine, were excluded to minimise nonspecific cell 
attachment.) Therefore, for a random combmatonal li- 
brary of c(X)«. 7 c synthesized from 24 amino adds, there 
were, theoretically, 24 7 = 4.8 x 10 9 permutations of peptide 
sequences. 
"Cell Growth on Bead" Assay 

A "cell growth on bead" assay was used as described 
previously for screening the random library for peptides 
essential for attachment and growth of the H1650 cells on 
the TentaCel beads (9). Cultured cells were harvested with 
trypsin /EOT A, washed, and resuspended as single cells in 
culture medium. Typically, -150,000 beads with random 
peptides were mixed with "1 million suspended cells m 
15 mL of medium distributed in six 3-cm culture dishes. 
The dishes were incubated in a tissue culture incubator 
with 5% CQa at 37'C for 48 to 72 hours. Beads covered with 
a monolayer of cells were removed and attached cells were 
stripped off with 8 mol/L guanidine hydrochloride. The 
amino acid sequence of each isolated. peptide bead was 
determined with an automated Procise 494 protein se- 
quencer (Applied Biosystems, Foster City, CA) using a 
method as described previously by Liu and Lam (12). 
Consensus peptide sequences identified were synthesized 
on beads in large quantity and cell attachment to these 
beads was confirmed with H1650. The structures of these 
peptides were modified to yield a model ligand peptide, 
D<ysteine^.-Nle-L-aspartete-L-Nle-i-'threonine-t-Hyp-D- 

arginme^D-cysteine (cNleDNleTHyprc or pM2), with high 
capacity and specificity for promoting attachment of the 
H1650 cells and with resistance to proteolysis. The pM2 
beads were subsequently used to test for cell type spec- 
ificity and structure-activity relationship. 
Alanine Scanning and Site-Directed Deletion Analysis 
To determine the structure-activity requirements^! 
the consensus peptide ligand, the strategies of a arune 
scanning (13) and site-directed deletion were employed 
The model ligand peptide, pM2, was synthesized with 
Fmoc chemistry (11) on TentaGel beads with each axtono 
acid (except the cysteine) sequentially substituted with 
L-alanine. In addition, truncated pM2 peptides, with amino 
acids deleted sequentially from the COOH terminus, were 
synthesized on beads- Percentage of the peptide beads 
with cell attachment was evaluated with the H1650 cells 
using the "cell growth on bead" assay. 
Antibody Blocking Assay 

To determine whether a particular integrin was a putative 
receptor for pM2, a panel of antibodies against a and £ 



intejrrins, including a t to <*6 and a v and ft to h (Chemicon, 
Tern^cula, CA), was tested to block cell attachment to the 
pM2 beads. Suspended H16S0 cells were incubated with 
each antibody at 37°C with agitation for 30 minutes. Pep- 
ride beads were then added to the culture, which was 
incubated at 37*C for 72 hours in a tissue culture incuba- 
tor The number of beads wi th cell attachment was counted 
under a microscope and relative percentage of beads with 
cell attachment was calculated as follows: B / A * 100, 
where A is percentage of beads with cell attachment in 
medium without antibody and B is percentage of beads 
with cell attachment in medium with antibody. 
Inhibition Assay with Soluble Peptides 
To determine if pM2 was biologically active from the 
beads, free pM2 was synthesized and tested for competitive 
inhibition of attachment of H1650 to the model pM2 beads. 
The peptides of pM2 and its analogue of cMleAHleTHyprc 
(pM2-A), the latter containing A instead of D at position 3 to 
serve as a negative control, were synthesized on rink amide- 
MBHA resins (GL Biochem Ltd., Shanghai, China) with 
• Fmoc chemistry as described above. The peptides were 
subsequently cleaved from the resins and the free peptides 
were purified as described previously (14). The free pM2 
and pM2-A were readily soluble in an aqueous solution. 
Inhibition of the soluble peptides on attachment of 
to thepM2 and pM2-A beads was done as described for the 
antibody blocking assay. 

Flow Cytometry for Detection of a* and ft Integnns 
Flow cytometry was used to compare the levels of ex- 
pression of ou and ft integrins among the selected cell 
lines as described previously (15). Cells were incubated 
with a mouse anti-human (Serotec, Raleigh, NC) or ft 
antibody (Chemicon), 2 ug/mL, for 30 minutes on ice. After 
washing, the cells were incubated with a FITC-conjugated 
coat anti-mouse IgC antibody (Jackson ImmunoResearch 
Laboratories, West Grove, PA) for 30 minutes. C^U were 
analyzed for level of fluorescence using a Coulter EPICS XL 
flow cytometer (Beckman. Coulter, Miami, FL). 

Adhesion to pM2 Beads of CHO Cells with Wild-type 
or Mutant Integrin 

To determine the potential binding site of ou integral tor 
pM2 in initiating cell attachment, the model of CHO cells 
with transacted wild-type (CHO-<n) or mutant human 
integrin 04 was employed. This model was established by 
Trie et al. by transfecting CHO, a cell line devoid of endo- 
genous integrin cc* expression, with cDNA oE human wild- 
type integrin 04 or integrin ct< substituted with alanine 
sequentially (alanine scanning mutagenesis) from residues 
108 to 268. These residues are believed to contain the 
putative binding sites for vascular cell adhesion molecule-1 
and fibronectin (16. 17). The CHO cell lines harboring the 
mutant integrin a< at residues 176 to 203 were tested in 
this study. The levels of expression . of integrin a* in the 
CHO cells and CHOcu cells were verified with flow 
cytometry as described above. Cell adhesion to the pM2 
beads Of these CHO cells was studied using the "cell 
growth on bead" assay. 
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Results 
Peptide Ligandsfor HI 650 

Using the "cell growth on bead" assay to screen a "one- 
bead one-pepttde" random library of cyclic octapephdes 
and nonapeptides for attachment of H1650 cells, 71 beads 
with cell attachment were isolated from screening "4.7 
million of peptide beads. The peptide sequences of these 
beads were determined and 12 beads with the most common 
consensus sequences of amino acids were identified: 
cNleDIDLLc, cNleDlTPtx, cGNteDINleHypAibc, cFNleDl- 
DAHc cNleDINleEFCc, dFNleDIYCSc, cFNleDItfeGTc, 
cNleDNleYEAibc, cNleDNleTHypCc, cNleDNleH- 
PHypMc, cNleDWDTSc, and cNleDVDNJeHGc. These 
consensus peptide beads were synthesized in large quanti- 
ties and their capacity of promoting cell attachment and 
growth was confirmed with the H1650 cells. These sequen- 
ces contained a motif of -NleDX-, where D is aspartic acid 
and X is isoleucine, Nle, or valine. Attachment of one to 
three cells to the peptide beads was observable within 6 
hours (Fig. 1). By transferring beads with attached cells to a 
fresh culture plate, cell proliferation on the beads was 
observed in 24 hours and confluency of cells on beads 
was commonly observed in 96 to 120 hours (Fig. 2). 

To obtain a peptide homologous with the peptide ligands 
identified in above but with enhanced capacity of attracting 
cell attachment and with resistance to proteolytic digestion, 
the peptide sequence of r>cysteine-L-Nle-vaspartate-L-Nle- 
L-threonine-L-Hyp-glycine-txysteine (cNl eDNleTHypGc 
or P M1) was modified with the glycine replaced with o 
arginine to yield the peptide of cNleDNleTHypCc or pM2. 
The modified peptide, pM2, was resistant to proteolytic 
digestion in human plasma. In addition, pM2 showed 
higher capacity of promoting cell attachment than pMl. 
Cell type specificity of attachment to pM2 beads was tested 
with a panel of human cell lines. Cell attachment was 
consistently observed with H1650, Jurkat (T-cell leukemia), 
and Raji (Burkitt lymphoma) but not with A549 (lung 
adenocarcinoma), Calu-1 (squamous lung carcinoma), 





Hgure 2, Peptide bead* laotatcd rrom Fig. 1 and Incubated f q< 96 hour*. 
Note that the boads are covered with cella. indicating cell proliferation on 
beads. 



DMS-114 (small ceU lung carcinoma), and Hs68 (fibroblast; 
Table I). It was hypothesized that these findings were due 
to overexpressions of a 4 arid fa integrins in H1650 ceils as 
compared with that of other lung cancers. To prove this 
hypothesis, flow cytometry was used to compare the levels 
Of expression of a* and fa integrins among the selected cell 
lines. Cell attachment to the pM2 beads correlated with the 
level of expression of integrin cu (Table 1). Integrin cu was 
expressed at a relatively high level with the H1650, Jurkat, 
and Raji cells but at a low level with A549, Calu-1, and 
DMS-114 cells. Relative high levels of integrin fa were 
detected in all these cell lines (data not shown). 
Structure-Activity Relationship Studies 
By alanine scanning, the amino acids of t-Nle at 
position 2 and L-aspartate (D) at position 3 of pM2 were 
absolutely required for promoting cell attachment of 
H1650 to beads (Table 2). Substitution of amino acids at 
positions 4 to 6 with i.-alanine essentially did not affect cell 



Tabla 1. Cefl ryp* - specific attachment to pM2 beads and 
relative level of integrin a* expression of human ceD fines 



Call Lines 



Tumor 
Types 



Cell 
Attachment 



Integrin 

04* 



H1650 

A549 
Calu-1 

DMS-114 

Hs63 

Jurkat 

Raji 



Lung bronchioioal- 
veolar carcinoma 

Lung adenocarcinoma 

Squamous cell 
lung carcinoma 

Small cell lung 
carcinoma 

Foreskin fibroblast 

T-cell leukemia 

Burkitt lymphoma 



Yes 

No 
No 

No 

No 
Yes 
Yes 



71.8 

9.B 
8.4 

8.9 

7.0 
135.9 
43.0 



Figure ^ . Alternant «f HI WO eels to TanttM ***** C *™*?£* 
with the PM2 pepiide, cNleONIeTHyi^, after 6 hov~ of Hcubatiom 
Arrow, attachment of single cell to a bead- 



•Mean fluo«»:«u intensity w detected wilh (low cytometry. Men* «f two 
experiments. 
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Table Z. Cell attachment of H1650 to TentaGel baads 
conjugated with the peptide pM2 and its analogues modified 
with alanine scanning (mean ± SO, n m 3) 



too 



Peptide Sequences 



Cell Attachment 

(%) 



0-Cys-Mle-Asp-NLc-Tbr-Hyp-D-Arg-D-CyS (pM2) 

0<:y^Al3-Afip-Nle-Thp«Hyp-t>Ars-i>Cys 

i>Cy3rNl^Ala-^e-T^r-Hyp-0-Ars-i>Cy5 

i>Cys-Nle-Asp-AJa-Thf-Hyp-D-Arg-t>Cys 

i>Cys-Nle-A5p-N]e-Ala-Hyp-»>Arg-i>Cys 

O-Cys-Nle-Asp-Nle-Thr-Aia-D-Ars-o-Cys 

i>Cy5-Nle-A5p-Nle-Thr-Hyp-AU-c>Cys 



100 
10.6 ± $ 0 
0 

100 
100 
100 

too 



attachment. By site-directed deletion, the extent of attach- 
ment of the H1650 cells to the native and modified pM2 
beads is shown in Table 3. The extent of celt attachment 
decreased progressively as amino acids were deleted 
sequentially from the COOH terminus. Furthermore, 
deletion of [^cysteine from the NH* terminus almost 
abolished cell attachment to most beads. The peptide of 
cNleDNlec maintained -50% of biological activity. How- 
ever, peptide of cMleDc lost almost all of its activity. Thus, 
the structure-activity requirements for pM2 are summarized 
as follows: (a) The motif for cell attachment Is NleDNle. 
(b) Ihe cyclic structure provided by the two D-cysteines is 
essential for biological activity, (c) The minimal length of 
the peptide for promoting cell attachment Is three amino 
acids with two flanking cysteines. 
Identification of Putative Receptor for Peptide Ugand 
We hypothesized that integrin was the receptor for pM2 
for promoting cell attachment. A panel of antibodies to a 
and |5 integrin subunits, including 0.1 to « fl , <x v , and ft to 
Us, were tested to. block attachment of H1650 cells to the 
pM2 beads. At a concentration of 1 ug/xrO* antibody to u 4 
totally blocked cell attachment and antibody to Pi only 
partially blocked cell attochment to the peptide beads. The 
Other antibodies did not affect cell attachment at all. The 
combination of antibodies to cm and ft subunits was 



Table 3. Cell attachment of HI 650 to TentaGel beads 
conjugated with the peptide pM2 and its analogues modified 
by sequential deletion of amino acids from the COOH 
terminus (mean ± SD. r* = 3) 



Peptide Sequences 



D-Cys-Nle-A^p-Nle-Thi-Hyp-o-Arg-O-Cys (pM2) 

D-Cys-Nle-Asp-Nle-TrtivHyp-i>Cy« 

o-Cys-Nle-Asp-Nle-Thr-D-Cys 

o-Cys-Nle-Asp-Nle-o-Cys 

D-Cyt-Nle-Asp-O-CyS 

Nle-Asr^NUe-Thr-Hyp-D-Ars-D<:ys 

Nle-Asp-Nl* 



100+0 
87 ±6 
64 ± 1 
47 ± 5 
5±4 
5 ±2 
1 ± 1 




10 20 30 40 SO 

Antibody Concentration (ng/mL) 



60 



Figure 3. Do*a-rasponae curve of Inhibition of cell attachment to pM3 
baada bv an antibody to integrin cu (mean ± SO. n ■= 

additive in blocking cell attachment. The antibody to ou 
blocked cell attachment in a dose-dependent maimer as 
shown in Fig. 3. The concentration of cu antibody that 
inhibited attachment of cells to 50% of the peptide beads 
(TCsd) was 2.2 ng/mL. The ICso fef the antibody to ft could 
not be determined because this antibody blocked cell 
attachment only partially even at a concentration up to 1 
ug/mL. These data indicated that integrin a 4 l<n was likely 
a receptor for the pM2 peptide ligand. 
Biological Activity of Soluble pM2 Peptide 
The biological activity of soluble pM2 and P M2-A 
peptides was tested by competitive inhibition of attach- 
ment of H1650 cells to the P M2 beads. The pM2-A peptide 
at concentration as high as I mmol/L did not inhibit cell 
attachment at alL The soluble pM2 inhibited cell attach- 
ment to the pM2 beads in a concentration-dependent 
manner as shown in Fig. 4. The concentration of soluble 
pM2 that inhibited attachment of H1650 cells to 50% of the 
pM2 beads (IC 5D ) was 10 umoi/L. 
Identification of Binding Site of Integrin * 4 for P M2 
The profile of cell attachment to the pM2 beads for CHO, 
CHO014, and the mutant CHO-o* created by alanine 
scanning mutagenesis is shown in Fig- 5. Essentially no 



Cell Attachment 
(%) 




„ ^0 20 30 40 SO 80 70 80 90 100 
Soluble Peptide Concentration (umol/L) 

Fiuure 4. Dose-reapanse curve of Inhibition of cell attachment to pM2 
boad* by iho soluble pM2 and pM2-A peptide Inwan ± so, /1 - *>. 
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CHO cell lines 



Vimjr« S Profile «« cell attachment to pM2 bead* of parental CHO. 
ChS I a-nd CHO^mUtants created by e.amnc scanning mm**— at 
rasiduas 176 to 203 of integrin o» (mean ± SO. o » 41. 

attachment to P M2 beads was observed with the P*™**\ 
CHO cells. On the other hand, cell attachment to all the 
pM2 beads was observed with the CHO-cu- For the CHO-*, 
mutant cell attachment was observed or. 80% to 100% of 
the P M2 beads. The only exception is the C190A mutant, 
in which the glycine was replaced with alanine at resi- 
due 190 of integrin « 4 . These findings indicated that th.s 
glycine residue waa.critical for binding of pM2 to integrm 
a 4 for promoting cell attachment. 



Discussion 

Peptide Hgands for various cell surface receptors have 
been identified using phage libraries- The best known 
peptide identified by this technique is the ^ep*** 
of areinine-glydne-aspartate, which is a ligand for ec v fo- 
and a 5 U: integrins (18, 19). The sequence of 
clycine-aspartate has been identified as an essential site of 
ieveral natural extracellular matrix including vitronectin, 
laminin, fibrinogen, and fibronectin, for binding to to 
receptors (20-23). Whereas the technique of phage display 
provides the advantage of identification of hgands for 
cellular receptors in vivo, the "one-bead one-pepude 
method, on the other hand, provides the ease of m . «*td 
Study and allows the use of random peptides containing 
unnatural amino acids (8). In this study, we have Identified 
peptide ligands containing D- and synthetic unnahixal 
anfino acids. These peptides are resistant to ptoteolybc 
enzymes, which very likely would enhance biological 
stability in vwO. The inclusion of these unnatural amino 
acids also exponentially increases the number of pennuta- 
tionsof random peptides. In our study, thelibrary of random 
cyclic ocmpeptides and nonapeptides contained 24 + 24 = 
(1 91 x 10* + 4.59 x 10») * 4.8 * 10 9 possible permutations 
of peptide sequences using 24 different amino aads. Of 
47 million peptide beads screened in this study, which 
represented only a small fraction of possible r^" uta ; 
tions of the library, we isolated 72 beads with cell 
attachment. On sequencing. 12 peptides with consensus 



motifs of -NleM-, -NleDNte-, and -NleDV- were identi- 
fied. Using the techniques of alanine walk and sequential 
deletion, the motif of -TMleDI/V/Nle- was confirmed. The 
glycine residue of position 190 of integrin a, has been 
fdentified as a potential binding site for the P M2 model 
peptide. It is likely that additional motifs could have been 
identified if more random peptide beads hadbeen screened. 

Cell type-specific peptide ligands for lung cancer cells 
have been identified using the "one-bead one-pepude 
combinatorial library and the "cell growth on bead assay 
established in our laboratory. Previously, we reported that a 
cyclic peptide, cNGRGEQc, was identified for promoting 
adhesion of non^mall cell lung cancer cells overexposing 
integrin OjtV, (9). In this study, we have additionally 
identified a series of cyclic octapeptides and ™™PepJtdes 
with a general structure of cNleDXXXXc or cXNleDXXXXc 
in a bronchioloalveolar carcinoma cell line, HI 650, over- 
expressing cufc. Because there is a lack of availability of 
appropriate bronchioloalveolar carcinoma cell lines, we 
were unable to verify whether these peptides were specific 
for bronchioloalveolar carcinoma or cviPi expression was 
unique in this cell type of lung cancer. In an immunohis- 
tocbemkal study by Koukoulis et al. (24) of seven cases of 
bronchioloalveolar carcinoma lung cancer, no expression of 
C4 was observed, but strong expression of integrin p, was 
detected. Additional studies with a larger sample size are 
necessary to confirm these observations. 

Although it is uncertain if the P M2 peptide is specific tor 
bronchioloalveolar carcinoma cells in general, it is obvious 
that this peptide is specific for cancer cells overexposing 
integrin ««. This notion is supported by the fact that the 
pM2 peptide specifically promoted attachment of mtegnn 
L expressing ceils of H16S0 (bronchioloalveolar carcinoma), 
Jurkat (T-cell leukemia), and Raji (Burkitt lymphoma). 
Recently, a series of peptides containing the motifs ot 
LDI/V/Fhas also been identified (cr^i integrin of Jurkat 
cells on screening "one-bead one-peptide" libraries (25). 
The pM2 analogues identified in the current study seem to 
have pharmacokinetic advantages because they contain o- 
and unnatural amino acids and are mote resistant to 
proteolytic digestion in human plasma. Thus, these 
peptides may be more ideal for development into d.agnos- 
tic and therapeutic agents. 

In this and previous studies, we have identified cycUx 
peptides specific for integrins «ali, and ««(*,. These 
peptides are cell type specific depending on the 
expression of a particular type of integral In the clinical 
setting, bronchioloalveolar carcinoma, adenocarcinoma, 
and squamous carcinoma have been classified under 
the general category of non-small cell lung cancer and 
theyf traditionally, have been treated in a similar manner. 
However, it is becoming clear that not all non-small cell 
lung cancers are alike and that molecular signature 
targets may provide a more accurate guidance tor 
classification and specific therapy of lung cancers. Cell 
type-specific expression of integrins such as oj or eu 
seems to be viable diagnostic and therapeutic targets. £ 
a recent clinical trial, a response rate of only 10% was 
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observed for non-small cell lung cancer treated wjth 
gefitinib (Iressa), an inhibitor of the tyrosine kinase 
domain of epidermal growth factor receptor (26). tt has 
been found recently that the response to gefitinib was 
observed mostly in lung cancer harboring mutations of in- 
frame deletion or substitutions clustered around the ATP 
binding pocket of the tyrosine kinase binding domain of 
epidermal growth factor receptor (27). Therefore, gene 
profiling has been advocated as a more accurate means than 
the classic histologic observation in classifying and guiding 
treatment for lung cancer (28, 29), 

Preclinical studies have shown the promise and feasibil- 
ity Of cancer therapy with antibodies and radiolabeled 
arginine-glycine-aspartate peptide targeting integrins (30, 
31) In addition, Hposome-encapsulated doxorubicin load- 
ed with the Fab* fragment of an antibody to p x integrin has 
been used to target human lung cancer xenografts (32, 33). 
To Study if the peptides with a general structure of 
cNleDXXXXc indeed are of diagnostic and therapeutic 
value, we have shown, that soluble pM2, but not the control 
peptide pM2-A, is capable of inhibiting attachment of 
H165D to the pM2 beads. Studies are ongoing to further 
define the biological activity of soluble pM2 m vitro and 
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Peptide phosphorylation by calcium-dependent protein kinase 
from maize seedlings 

Mart Loos'- 2 , Toomik 1 , Katrin Sak 1 . Grazyna Muszynska 1 , Jaak JSrv 1 and Pia Ek* 

'X^^O****** n*. V^tr, ^IBio^ry ^ Attn**** V PP saU> Udton* 

'jtoitaM ofBiochtmhtry and Biophynct. Polish Academy ofScivxes. Warsaw. 

Ca^cpcndent protein kinase (CDPK-1) was purified from maize '^^^SSpmJSi 
a s el of sLthetic peptides derived from the phosphorylatable sequence RVLSRLHS VRER ot maize 
IZli s^ase 2 The Lapeptide LARLHSVRER was found to he efficiently phosphorylated as a — 

I* j i _ v : rm i+xi\ and ionic (Arc Glu) amino ac ds substituted in each position. The phospnoryiauoo gr 
S£ CDPK- 1 was J!2£ and the substrate specificity of the maize protein kinase character, sed 
these substrates oy cur* wa^ ™»ui JLjl- where X denotes a position with no strict 

by the consensus sequence motif A/L^X^R^X^SX* k +2 ^*o, wncre ^5**1 nther three varied 

amino acid requirements and Z a position strictly not tolerating arginme compared w«* the other tta £J*J 
amino acids. TO* motif had a characteristic sequence element RZR at r^sitions +2 to +4 Ictodj ™ 
the primary structure of the sucrose synthase phosphorylation site. The s ^^™ 
phor^laubVe serine in this consensus motif was similar to the £*gui sequence K/RXXS/TXK/R proposed for 
mammalian PKC, but different from the consensus moUt RRXS/TX for FltA. 

Keywords- Ca 2 +-depcndent protein kinase (CDPK); maize seedlings; protein kinase C (PKC); SPOT* peptides. 



Ca^-dcpendent protein kinases (CDPKs) of plant origin form a 
distinct group of protein kinases [», and the rather scarce 
studies have pointed to their possible involvement in regulation 
of metabolism and gene expression [2-4]. Plant CDPK 
molecules consist of a single polypeptide with a typical protein 
kinase catalytic core, a linker region containing the auto- 
inhibitory sequence and an adjoining cal moduli n-1 ike domain 
with four calcium-binding £F-hand motifs [5]. The two latter 
structural fragments are responsible for regulation of CDPK 
activity by cytosoUc Ca 2+ ions, which act similarly to 
mammalian cells as second messengers in plants. However, in 
contrast with mammalian Ca^-dapcndent protein kinases 
[protein kinase C (PKC) and the c^lciunVcalmcrfulin-dependcnt 
protein kinase], there is still not much known about the 
physiological substrates of . plant CDPKs and the relevant 
signalling pathways. 

Recently it has been shown that one of the key enzymes of 
sucrose metabolism in maize, sucrose synthase type 2, can be 
phosphorylated at Serl5 in vivo [6,7]- This reaction seems to 
have regulatory significance, as the catalytic properties of the 
phosphorylated enzyme were affected [6J. ^ 
The phosphorylatable serine residue of sucrose synthase 2 is 
surrounded bj the peptide sequence RVLSRLHS 5 VRER, with 
several positively charged amino acids before and after the 
Serl5 residue. This means that the substrate specificity of the 

Correspondence to J. JSrv. Institute of Chemical Physics, Tartu University. 
2 Jakobl SU 51014 Tartu. Estonia. Fax: + 372 7375 247, 
Tel.: + 372 7375 246, E-mail: jj@chcm.ut.ee 

Abbreviation CDPK. Ca 2 * -de pendent protein kinase; PKA. protein kinase 
A; PKC protein kinase C. 

Ewyme: Ca^-dspendenl protein kinase (EC 2.7.1.37). 
(Received 4 October 1999; accepted 9 November 1999) 



relevant plant protein kinase(s), should fohow similar principles 
to that of a large group of mammalian protein kinases, showing 
selectivity for positively charged amine acids [S]. The most 
extensively investigated members oF this group are PKC and 
protein kinase A (PKA). 

In the present work, the substrate specificity of a protein 
kinase purified from maize seedlings was investigated using 
synthetic peptides derived from the maize sucrose synthase 2 
phosphorylation site sequence, which were phosphorylated by 
ibis kinase in a Ca 2 *-dependcnt manner. The influence of 
peptide length on phosphorylation effectiveness was studied 
and the sequence LARLHSVRER was found to be the minimal 
peptide substrate for this enzyme. Using this sequence, a series 
of structurally varied analogues were synthesized as cellulose- 
membrane-attached (SPOTsTM membranes) peptides. In these 
peptides, all the posiUons were substituted with hydrophobic 
(Leu, Ala) and charged (Arg. Glu) araino acids. By system- 
atically varying the peptide structure, we we % b ^ C ° a ^ 
information on the specificity pattern ofjmmse CDPK, and « 
was compared with that of the mammalian protein kinases PKC 
and PKA. 

MATERIALS AND METHOD 



Amcrsham 



Materials 

(7- n P]ATP was purchased from 
Histone HI (type HIS), pepstatin A am 
fluoride were products of Sigma, 
purchased from Cambridge Research 
wich, Cheshire, UK). Fmoc amino ac 
esters, were included in the kit or purchased 
D£AB<e»ulose (DE-52) and 3 MM 



ion. 
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from Whatman. The SMART system, phenyl-Sepharose and the 
Mono Q column were from Pharmacia. Polyacrylam.de/bis 
(29-1) low-moleciilar-mass reference proteins and Cooinassie 
Brilliant Blue R-2S0 were obtained from Bio-Rad. AU Other 
chemicals were of the highest purity cornmerc.aHy ^rilable 
The peptides used were all synthesised »n the Department of 
Medical Biochemistry and Microbiology at the University of 
Uppsala. 

Partial purification of CDPK from maize seedlings 
Com seeds (Zw mays var. Mona) were soaked for 12 h in 
distilled water. They were grown in the dark for 72 h at 26 C. 
The apical parts of the seedlings, which reached a length of 
about 2.5 cm, were harvested, immediately frozen in .liquid 
nitrogen and stored at -70 "C. For the purification 10 g of 
frozen seedlings were ground in a mortar to a fine powder in the 
presence of a small amount of liquid nitrogen and exacted 
with 30 mL homogemsadon buffer (20 m M Tns/HCl. pH 7.5. 
250 mM sucrose. 2 raM EDTA, 2 mM EOTA 0.7 p-gmL 
pepstatin A. 0.5 m>t dithiothreitol, and 0.26 mM phenvl- 
methanesulfonyl fluoride). AU steps in tbU Purification were 
performed at 4 S C. Tris base (1 m) was rapidly added dropwise 
to adjust the P H of the homogenate to 7.7. The homogenate was 
then centrifuged at 20 000 g for 15 min. and phcnylmethane- 
sulfonyl fluoride was added to the supernatant to a final 
concentration of 0.18 mM. This material was applied to a 
DEAE-ccllulosc column (8-0 mL) equilibrated with buffer A 
(20 mM Tris/HCl, 2 dim EDTA. 0.5 mM dithiothreitol. pH 7.5). 
The column was washed with buffer A until the /*mo of the 
eluate was below 0.5. The bound proteins were eluted using a 
40-mL linear gradient of 0-0-3 M Nad in buffer A at a flow 
rate of 0.5 mL-min"'. The fractions were assayed for protem. 
ionic strength and protein kinase activity. 

The fractions of the first peak of protein kinase activity, 
cluted at 5 mS-em-'. were pooled; ammonium sulphate was 
added to a concentration of 0.5 M and the solution applied to a 
Phenyl-Sepharose column (1.6 mL) equilibrated in buffer A 
containing 0.5 M ammonium sulphate, tt was washed with 10 
column volumes of the equilibration buffer, and the bound 
protein kinase eluted with buffer A. Fractions of volume 
0 5 mL were collected and analysed for protein kinase activity 
and ionic Strength. The fractions with kinase activity were 
pooled and applied to a 100-pL Mono Q column connected to a 
. smart system. The column was washed until A™ approached 
zero, and the protein kinase was eluted with a linear gradient 
from buffer A to buffer A containing 0.3 m NaCl in a total 
volume of 1.5 mL. Fractions of volume 50 pX were collected 
and pooled according to the peak of protein kinase activity. A 
typical phosphorylation assay for determination of protein 
kinase activity consisted of 10 p-L sample fraction 10 pJL 
150 mM Tris/Hd/5 mM CaCl 2 . pH 7.5. 10 pL 20 mM Tns/HCl, 
pH 7.5 (containing lipids when tested) 20pL 3.75 ^mL 
histone or 100 p-m pepude VU^HSVRER o« ^LI^LHSLRE 
and 10 pL 0.75 mM [• Y - 32 P]ATP/37 .5 mM MgCl z . When the 
stimulation of the protein kinase activity by phospholipid and 
diacylglycerol was tested, 60 p.g mL~ l phosphatidyl^ nne and 

1 ut-mL -1 diolein were included in the mixture. After 10 rmn 
of incubation, an aliquot of 25 pL was transferred to a 

2 x 2 cm piece of Whatman 3MM paper in the case of histone 
or phosphocellulose paper in the case of peptides. The papers 
were immediately immersed in ice-cold 75 mM phosphoric acid 
and washed with 75 mM H,P0 4 five times for 10 nun dried at 
80 °C, and the radioactivity was measured as Cercnkov 
radiation. 



© FEBS 2000 



Autophosphorylati on 

Fractions from the Mono Q column with CDPK activity were 
incubated with 0.1 mM ATP labelled with ft- 32 PlATP (specific 
radioactivity ~ 100 c.p.m. pmol" 1 ) and 5 mM MgCl 2 at 25 C 
for 30 min The reaction was terminated by dilution of the 
incubation mixture 1.5 times with SDS/PAGE sample buffer 
containing 65 mM Tris/HCl. P H 6.8. 10% glycerol. 2 .1% SDS 
and 5% 2-mercaptoethanol. The proteins were separated by 
SDS/PAGE (10% gel) and subjected to autoradiography. 

Western blotting 

The protein kinase pool from Mono Q was separated by 
SDS/PAGE ( 1 2.5% gel) and transferred to a nitrocellulose filter 
using, a Bio-Rad Trans-B!ot<6>SD Semi-Dry Transfer Cell in 
transfer buffer containing 48 mM Tris/HCl. pH 9.2. 39 mM 
Glycine and 20% methanol. After the transfer of the proteins to 
The membrane, nonspecific binding was blocked overnight at 
4 "C in Tris/Nad buffer (10 mM Tris/HCl, pH 7.4, 0.9% NaCl) 
containing 5% powdered milk, free of fat. Then the blot was 
incubated with a monoclonal antibody against the calmodulin- 
like domain of soybean CDPK, for 1 h at room temperature. 
Next, the blot was washed four times for 10 rain in Tns/Naui/ 
Twcen buffer (Tris/NaCI plus 0.1% Tween 20). The reaction 
with secondary antibody was preformed for 1 h at room 
temperature using alkaline phosphatasc-conjugated rabbit anti- 
body After the blot had been washed four times for 10 mm m 
Tris/NaCl/Twccn buffer, the reaction was visualized using 
NBT/BC1P (Promega) in 10 mL 100 mM Tns/HCl. pH 9.0. 
containing 100 mM NaCl and 5 mM MgCt*. 

Purification of PKA and PKC 

PKC was isolated from pig spleen by the method of Pa*er 
ar al. (91 as modified by Ferrari et al. [10J. except for the final 
chromatography on phenyl-Sepharose. PKA was purified from 
pig heart essentially as described by Zoller et al. [11]. 

Phosphorylation of synthetic peptides 
For the maize CDPK-1. the reactions were carried out in a final 
volume of 150 p-L containing substrate pepb.de at various 
concentrations, 44 mM Tris/HCl. pH 7.5. 0.005% Tr.tonX ; 100 
0.7 mM CaCl 2 . 0.4 m M EDTA, 0.4 mgmL BSA. 5 mM 
MeCU, 0.1 mM ft- w P]ATP and the protein *" 
inhibition experiments with the peptide inhibitor RLKQFSA- 
nLeu-NKLKK-nLeu-ALRVlAERL-amide (where nLeujsnor- 
leucine), derived from the inhibitory region of soybean CDPKa 
[121. the substrate peptide VLARLHSVRER was used at a 
10 pm concentration together with 0.1 mM [y- P1ATP. In the 
exDCriments in which stimulation by CaCl 2 and inhibition by 
EGTA were studied. 45 pM LARLHSVRER was used. 

For PKC the phosphorylation reaction was performed in a 
total volume of 150 pL, contaioing peptide substrate at various 
concentrations. 60 mM Tris/HCl (pH 7 S), 0.0013% Tnton 
X-100. 0.75 mM CaCl 2 , 60 pg-mL phosphatidyl serine, 
1 pg mL" diolein, 0.5 mM EDTA. 0.5 mgmL BSA. 5 mM 
MgCl,. 0.1 mM [-y- 32 P)ATP and the protein kinase. 

lor PKA. the phosphorylation assay was performed in a ratal 
volume of 150 pL, containing peptide substrate 42 ^to 
10 mM WHO (PH6.9). 0.001% Triton X-100 0^ mM 
EGTA. 0.5 mg mL-' BSA. 5 mM MgClj, 0.1 mM [r "P)ATP 
and the protein kinase. 

All phosphorylation reactions were earned out at 30 ror 
each peptide, the reaction time and enzyme amount were 
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adjusted so that the initial rates of the phosphorylation reaction 
could be measured. The reactions were initiated by addiUOtlof 
the [r 32 PJATP (specific radioactivity 50-150 c.p.nvpmol ) 
and monitored by the phosphoccllulosc paper method as 
described above. It was confirmed by the method used m 
[13] that the difference in radioactivity for different peptides 
was not a consequence of deviations in their binding to the 
phosphocellulose paper. 

Kinetic analysis of phosphorylation data 

The initial rates of the phosphorylation reaction were calculated 
from the slopes of c.p.m. vs. time plots. Michaelis-Menten 
parameters were calculated using the equation; 

In the case of peptides of low reactivity, the substrate 
concentrations used were too low compared with K m , yielding 
linear initial velocity vs. peptide concentration plots. For these 
peptides, Eqn (1) can be simplified as follows: 



(2) 



where k[ { is the second-order rate constant multiplied by 
enzyme concentration and the value of this constant corre- 
sponds to the ratio of VtK li% . The values of k\ x for substrates of 
relatively poor reactivity were calculated from the slope of the 
initial velocity vs. substrate concentration plots. All calculations 
were made using the graphed prism 2.0 software package. 

Synthesis of SPOTs peptides 

The SPOTs-membrane-attached peptides were synthesiscd 
Utilising Fmoc chemistry essentially as described in [14] 
according to the instructions of the manufacturer of the 
SPOTS kit. After completion of the synthesis, the membrane 
was coated with polyvinylpyrrolidone (2 mg mL in NaCl/Pi) 
overnight at room temperature, followed by three washes with 
the same buffer (10 min each). 

Phosphorylation of SPOTs peptides 

The phosphorylation reactions were carried out at 30 °C 
essentially as described In [15]. The specific radioactivtty of 
[7- 32 PlATP was 50-150 cp-m.-pmol - K The phosphorylation 
reactions were initiated by immersing the SPOTs membrane in 
the incubation mixture, using 100-150 uX of solution for each 
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peptide spot. Horizontally placed test tubes were rotated around 
the longitudinal axis at 6 rev^min* 1 to ensure adequate mixing. 
The incubation mixture contained 50 mM Tris/HCl, pH 7.5, 
0 8 mM calcium acetate, 0.005% Triton X-100. 0.4 mM EDTA, 
0J3mg-mL~ l BSA, 5 mM MgCV 0.1 mM dithiothreitot, 
0.12 mM [r^PlATP and CDPK-1. 

After incubation, the SPOTs membrane pieces were washed 
five times with 75 mM H 3 P0 4 for 10 min at 4 °C, dried at room 
temperature and subjected to autoradiography. Equal areas in 
the central part of each SP0(T were used for quantification of 
the membrane-bound radioactivity. The background level of the 
. bound radioactivity (nonspecific binding of tr^AXP) was 
determined by using the SPOTs-attached control peptides W)th 
Ala instead of the phosphoacceptor Ser. The amount of 
radioactivity, related to phosphopeptide formation, was calcu- 
lated as the difference between the total binding and the 
background radioactivity. 



RESULTS 

CDPK-1 from mai2e seedlings 

The first purification step on the DEAE-ccllulose column 
yielded two peaks, with protein kinase activity eluted at ionic 
strength 5 and 15 mScm -1 (Fig. 1). Elation of the enzyme was 
shown by phosphorylation of histone as well as of the peptide 
substrate LLRLHSLRE. The first peak of the peptide and 
histone kinase activity was pooled, and the protein kinase, 
arbitrarily named CDPK-U was subsequently purified on a 
phenyl-Sepharose column and by Mono Q SMART chromato- 
graphy. In the two tatter chromatographic steps, the en2yme 
behaved as a single activity peak when assayed with cither 
peptide or histone. A summary of the purification steps is 
presented in Table 1. The biochemical properties and substrate 
specificity of the protein kinase from the second peak from 
DEAE-ccllulose chromatography (CDPK-2) were different 
from those of CDPK-1 and will be further characterised. 

Autophosphorylation experiments ' were performed for 
fractions in the CDPK-1 activity peak after the Mono Q 
chromatography Step, and a single radioactive band at 
59-60 kDa was visualised by SDS/PAGE (Fig. 2). Fractions 13 
and 14 were pooled and used for further analysis and kinetic 
experiments. Western blotting of the CDPK-1 pool using 
antibodies against the calmodulin-likc domain of soybean 
CDPK yielded a single band at about 59 kDa (Fig. 3). The 
Isolated protein kinase showed full activity without added Ca 



Fig. 1. Elution of protein kinase activities 
from the PEAE-cellutose (DE-52) column. 
The eluiion was performed tiling a 40-mL linear 
gradient or 0-O.3 V NaC! in buffer A ut a flow 
raie of 0-5 mL-min" 1 . (O) Ana; (•) phos- 




phorylation of histone; (O) phosphorylation of Fraction 
pcpiide substrate LLRLH3VRB; (I) conductivity. 
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T*blc 1 Purifi«Uian of COPK-1 from maize swings. Summery 
^cnt^n m S .mL-« Protein kinase activicy was ^rcd ^ histcne as 5 u^ te . 
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of the purification Steps. One absorbance «n»t at 280 nm was denoted as a protein 



Purification step 



Protein 
(mgrnL -1 ) 



Protein kinase 
activity 



Specific protein 
kinase activity 
{pmol-mnT'-mg" 1 ) 



Supernatant 
DEr52 

Phenyl-Scpharosc 
Mono Q 



94.2 
1.4 
0.183 
0.075 



100) 
905.5 
520 
4870 



1.06 
646,8 
2*42 
64 933 



Total protein 
kinase activity 
(pmol min" 1 ) 



Vicld 



2633 
0417 
4160 
974 



100 
44 
10 



Purification 
fold 



l 

610 
2681 
61 258 



but was completely inhibited at 10 ^ EGTA (FJg. ?A>, Such a 
phenomenon has previously been reported for maize CDPKs 
and was explained by the presence of endogenous Ca • ions 
f 16] In the presence of 10 u.m EGTA, maximal stimulation of 
Ac enzyme activity by CaCl* was achieved a^concentrattons of 
10-30 um (Fig. 4B). showing that the Ca 2 summation had 
the half effect in the low micromolar range. The results from 
the ^phosphorylation, Western-blotting and Ca -stimula- 
tion experiments agree with the conclusion that a single protein 
kinase was present in the CDPK-1 pool made up of fractions 13 
and 14 from Mono Q SMART chromatography. 

Stimulation of the protein kinase activity by phospholipids 
and diacylglycerols was tested using a phosphatidyls^ ne/ 
diolein mixture commonly used for activation of mammalian 
PKC With CDPK-l, there was no stimulation ot histone or 
peptide phosphorylation, whereas PKC was activated up to 25 
times by lipids under similar experimental conditions . _ 

Inhibition of CDPK-l by the peptide inhibitor RLKQFSA- 
nLeu-NKLKK-nLcu-ACRVIAERL-amide derived from the 
inhibitory region of soybean CDPKa was studied. The IQ* 
value obtained (10.2 jlm) was close to the reported K x value 
{4 8 plm) of the same inhibitor for inhibition of »yj*? n 
CDPKa, determined with the peptide substrate syntide-2 [12]. 

Phosphorylation of peptides by CDPK-1 
Using the peptide sequence RVLSRLHS 1 5 VRER of the phos- 
phoryiatablc site of maize sucrose synthase % mne peptides 
were synthesised in order to define the minimal length required 
for CDPK-l activity (Table 2). All these peptides were phos- 
phorylated by the enzyme, and the parameters of the 



Michaelis-Menten rate equation were calculated for all except 
compound IX, which had too high a K m value to be reached 
experimentally. The second-order rate constant * u was there- 
fore calculated for this peptide from the slope of the initial 
velocity vs. peptide concentration plot as described in Materials 
and methods. The second-order rate constants for all other 
substrates were calculated as the ratio of VIK^ 

Two peptides (II and m in Table 2), in which both Ser 
residues of the parent peptide RVLSRLHSVRER were subse- 
quently replaced by alanine, were synthesised to determine the 
phosphorylation site for CDPK-l- It was found that the serine 
residue, corresponding to ScrlS of the sucrose synthase 
sequence, was the only phosphate acceptor in these pepudes 
Because of this, all other peptides studied (IV-1X in Table 2) 
were synthesised with a single serine residue to avoid 
uncertainties in the interpretation of the data. 

The second-order rate constants *[j were used to compare the 
reactivity of different peptides. It can be seen in Table 2 that the 
removal of the N-terminal arginine and valine from the parent 
peptide did not have any dramatic effect, the constant k n 
decreasing less than twofold. Removal of ar£toine at position 
+4 and glutamic acid at +3 also led to a moderate decrease in 
fcfc. The greatest change in CDPK activity occurred if the 
leucine and alanine residues, located at positions -5 and -4. 
were removed. The absence of these amino acids caused a 
78-foki and 22-fold decrease in * u , respectively. 

Phosphorylation of CDPK-1 substrates by PKA and PKC 

The peptides tested above as substrates for maize CDPK-1 were 
also^osphorylated by mammalian PKC and PKA (lablc 2). It 



Table 2. Kinetic chants of peptide phosphorylation by maize CDPK-1 and rnarnmaliao FKC and PKA. 



ND, not determined; MA. no activity. 



CDPK-1 



PKC 



PKA 



Peptide 



Km 



V (p.mol- 
inin^'-rnf. -1 ) 



10* x kU 



1 
II 
III 
iv 

V 
VI 

vu 

VIU 
IX 



RVLSRLHSVRER 
RVLARLHSVRER 
RVLSRLHAVRER 
VLARLHSVRER 
LARLHSVRER 
LARLHSVRE 
LARLHSVR 
ARLH£VRER 
RUHSVR6R 
RRASYA 
KRAK.RKTAK.KR 



0.6 £ 0.2 0.97 ± 0.02 
0.7 ± 0.2 0.94 £ 0.02 



NA 

1.5 ± a4 
2.1 ± 0.3 
8.7 i 0.9 

6.6 ± 1.5 
176 £ 69 

ND 
ND 
ND 



NA 
1.61 ± 0.07 
1.76 ± 0.06 
J.90 i 0 06 

b.86 z ao? 

. 1.9 ± 0.4 
KD 
ND 
ND 



1515.6 
1305.6 

NA 
1075.3 
810.2 
217.9 

129.3 

10.7 
0.5 ± 01 

ND 

ND 



1.90 ± 0-02 
2.8 ± 0.7 

NA 
6.8 i 0.6 

S.B ± 1.0 
41 ± 11 
141 ± 30 
176 ± 55 
ND 
ND 
1.4 ± 0.7 



V (|unol- 

3.75 ± O.Ol 

4.3 £ 0.3 
NA 

4.4 ± 0.3 
4.3 2= 0.2 
5.3 2: 0.6 
3.7 ± 0 4 
3.0 = 0-5 

ND 
ND 
1.7 1. 0.2 



10 3 x *,'r 



(JAM) 



V (JLCIOJ. 



10' x kit 



1973.7 
1517.9 

NA 
645.7 
484.7 
123.2 

26.6. 

173 
7.8 ± 0.2 

ND 
1195.6 



ND 


ND 


0 .78 ± 0.07 


ND 


ND 


UO 002 


NA 


NA 


NA 


KD 


ND 


0.60 ± 0.02 


ND 


ND 


0.43 ~ 0.02 


ND 


ND 


0.25 i O.Ol 


ND 


ND 


0.31 * 0.01 


173 ±53 


0.052 * 0.009 


0.3 


ND 


ND 


0.16 ± ODl 


15 £2 


7.4 * 0-9 


492 


ND 


ND 


ND 
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13 14 15 




kDa 

— 97 

— 66 

— 45 

— 31 



Fig. 2. Autophosphoryiation fractions *3. * 4 * nd 15 fram * c CDPK 
activity peak eluted from the Mono Q column. The fractions were 
incubated with CUM ( 7 - 32 P] ATP Specific radioactivity « 100 
cpju^pmor 1 ) ™t 5 mM MfeClz at 25X for 30 min. The reaction was 
terminated by the addition of SD$/PAGE sample butTer and the proteins 
*ere electrophoretically separated by SDS/PAGE (10% &)) and subjected 
to autoradiography. 

can bo seen that the reactivity with peptides I-Vl was similar 
for CDPK-1 and PKC. Comparison with the kinetic data for a 
highly effective PKC substrate KRAKRKTAKKR [15) showed 
that the peptides studied are also highly specific substrates 
for PKC (Tabic 2>. In contrast all the peptides tested were 
relatively poor substrates for PKA. showing k' a values about 
three orders of magnitude lower than for the conventional PKA 
peptide substrate RRASVA (Table 2). 

Phosphorylation of SPOTswnembrane-attadwd peptides by 
CDPK-1 

Using the sequence LARLHSVRER, a series of SPOTs- 
membrane-attached peptides were synthesiscd to obtain sub- 
strates with hydrophobic (Ala, Leu), cationic (Lys) and anionic 
(Glu) amino acids substituted at each position, while the rest of 
the peptide remained unchanged. Phosphorylation of these 
peptides by maize CDPK-1 was determined as the amount of 
radioactivity transferred from [ T - 3Z P1ATP to the serine residues 
of the attached substrates (Table 3). It was found that no more 
than 1% of the total amount of the attached peptides was 
phosphorylatcd under the experimental conditions used. There- 
fore the results obtained correspond to the initial velocity of the 
phosphorylation reaction. The results were normalised relative 
to the reactivity of the SPOTs-attached parent peptide 
LARLHSVRER and were used to characterise the substrate 
specificity of CDPK-1. 

Table 3. Relative reactivity with maize CDPK of structural analogues 
of LARLHSVRER synthesised on SPOTs membranes. Each amino acid 
in this peptide was substituted subsequently with A. L. R and E at each 
portion except for serine. Jn each structure, only one substitution was made 
thereby generating a set of 30 separate peptides. The activity of the initial 
peptide LARLHSVRER was taken W be equal to 1.00. 





Ammo acid position 














Amino 














+3 




ncid 


-5 


-4 -3 


-2 


-I 


-i-l 


+2 


+4 


A 


1.02 


t.00 030. 


1.20 


1.13 


0.89 


0.31 


0.74 


0.61 


L 


1.00 


0.78 0.095 


L00 


0.75 


0.73 


0.31 


0.85 


0.S8 


R 


0.4<$ 


0.80 1.00 


0.70 


0.72 


0.53 


LOO 


0.01 


LOO 


£ 


0.39 


0.9/7 0.03 


0.46 


0.99 


0.82 


0.06 


1,00 


0.27 
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Fig. 3. Analysis of the pool of from the Mono Q column by 

SDS/PAGE and Western blotting with antibody against the soybean 
CDPBC Lane A, Coomassle-stained gel after SDS/PAGE. The polyacryt- 
amide content of the gtl was 12.5%. Une B. Western blotting. The 
positions of the protein markers are indicated on the right. 

The results listed in Table 3 show that the positions -3, +2 
and +4 were the most sensitive to replacement of Arg by other 
amino acids, especially by the negatively charged Glu. On the 
other hand, Arg was not tolerated in position +3, where Glu 
yielded the best phosphorylation rate. Hydrophobic residues 
were important in position -5, while in other positions 
the structural requirements were less pronounced. Thus the 
preliminary substrate consensus motif for maize CDPK-1 may 




-6 -s -4 

log IEGTA(M)] 




log [Cad 2 (M)] 

Fig. d Ca 1 ' -dependence of the CDPK-1 from maize seedlings. The 
initial velocities of the peptide LARLHSVRER phospboryuuion were 
measured by the itandard protocol described in Materials and methods, 
except that EDTA was not included. (A) Inhibition of the kinase activity 
With EGTA. Protein kinase activity in the absence of EGTA was taken 
tOO*. (B) Stimulation of protein Kinase activity by C* 2 * in the presence of 
10 |LW EGTA. Protein kinase activity at 30 jlm CaCh was taken as 100*. 
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be represented by the sequence, ML.$X^KiX.iKiSX+ l 
R^Z+jR^, in which X denotes a position with no strict 
amino acid requirements and Z a position strictly not tolerating 
arginine compared with the other three varied amino acids. 

DISCUSSION 

The maize protein kinase isolated and studied in the present 
work was activated by Ca 2+ ions in the low nucromolar range, 
but its activity was not stimulated by the phospholipid/ 
diacylglycerol mixture. The enzyme preparation showed both 
a single band of autophosphorylation and a single lmrnuno- 
reactive band with the monoclonal antibody raised against the 
calmodulin-like domain of the soybean CDPK. These data 
confirm that the CDPK-1 preparation contained only one 
protein kinase. The molecular size estimated from both auto- 
phosphorylation and blotting experiments was close to the 
predicted molecular mass of 59.4 kDa for a cloned CDPK. from 
maize seedlings [17]. A molecular mass of 60 kDa has abo 
been predicted for a cloned pollen-specific maize CDPK [18]. 
In addition, it was found that the activity of the isolated protein 
kinase was inhibited by the peptide inhibitor of soybean 
CDPKa. The enzyme also showed an ability to bind to a 
hydrophobic matrix such as phenyl-Scpbarose, and its most 
important substrate-recognition motif involved basic residues m 
the phosphorylatable sequence. All these characteristics 
indicate that the enzyme belongs to the plant CDPK family [1]. 

The substrate specificity of maize CDPK-1 was mdeed 
oriented to phosphorylation of the Serl5 residue of sucrose 
synthase X as the consensus motif, A/L_sX^R_3X.*X.iSX+i 
iCaZ^R^, derived from the SPOTS analysis agrees well with 
the peptide sequence around the phosphorylatable site of this 
substrate protein. RVLSRLHS I5 VR£R- The other serine in this 
peptide (Scrll in sucrose synthase 2) was not phosphorylated 
by CDPK-1, as it did not possess all the important recognition 
elements, except the motif RXXS. ( 

The consensus motif for maize CDPK-1 is in agreement with 
results from specificity studies on CDPK isoforms from wheat 
germ [19], soybean (20] and a lower plant, Mougeotia [21], in 
which the location of basic amino acids in position -3 from die 
substrate phosphorylation site appears to be critical for 
substrate recognition. The leucine in position -5 has been 
shown to be an important substrate-recognition element fortwo 
forms of CDPK from spinach leaf {22]. However, the CDPK 
forms from these plants did not exhibit any strict requirements 
for basic or acidic amino acids at the ^terminal Side of the 
serine. Thus the fragment RZR (in which Z is a hydrophobic or 
acidic amino acid but not a basic one) in positions from +2 to 
44 seems to be specifically characteristic for maize CDPK-1. 
Recognition of this motif is probably based on electrostatic 
interactions, as the enzyme did not toJerate amino acids of the 
opposite charge in this region (Table 3). However, this fragment 
alone was not sufficient for efficient phosphorylation of 
peptides. For example, peptides VIII and IX, which lack the 
Leu in position -5 but possess the fragment RER, were both 
poor substrates for CDPK-1. From these observations it can be 
concluded that CDPK-I has a complex and rather unique 
substrate specificity. 

Part of the consensus motif of maize CDPK- 1 resembles the 
consensus sequence K/RXXS/TXK/R reported for PKC [23]. 
Therefore it was not surprising that the second-order rate 
constants k' u of the phosphorylation reaction of several 
analogues of the peptide RVLARLHSVRER exhibited a similar 
specificity pattern for both maize CDPK-1 and mammalian 
PKC0 At the same time. PKA phosphorylated these peptides 
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slowly and revealed a very 'flat' stnicture-activity relationship. 
The slowness of these phosphorylation reactions can be related 
to the presence of an arginine residue in positions +2 and 
+4 as PKA cannot tolerate substrates with basic residues on 
the' C-terminal side of serine [24]. Thus the substrate specificity 
of maize CDPK-1 is distinct from that of PKA. 

At the same time, it is interesting to note that PKA and PKC 
are close phylogenetic neighbours, both belonging to the AGC 
group of the eukaryotic protein kinase supertamily. This group 
is relatively distinct from CDPKs, which belong to the CaMK 
group of the supcrfamily (for nomenclature see [25]). Therefore 
it may be that representatives of distinct protein kinase 
subgroups that have similar cellular functions related to medi- 
ation of Ca 2 * signalling have developed similar substrate- 
specificity patterns via evolutionary separate pathways. The 
second possibility is that the peptides derived from the maize 
sucrose synthase phosphorylation sice sequence contain the 
original substrate-specificity motif of a common phylogenetic 
ancestor of the AGC and CaMK groups. According to this 
explanation, CDPK and PKC have retained the specificity for 
this sequence during evolution, whereas the substrate specifi- 
city of PKA has diverged and developed via a different 
pathway. The overlapping substrate-specificity patterns of PKC 
and CDPK, together with the similar sensitivity of these 
enzymes to various inhibitors found previously [1], seem to 
agree with the hypothesis that, by utilising CDPKs, plants may 
have bypassed the need to develop kinases homologous to PKC 
[26] This hypothesis is supported by the lack of any major 
success in purifying or cloning PKC-likc enzymes from plants. 
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Rants express numerous calmodulin (CaM) iso^rms 
that exhibit differential activation or inhibition <» 
dependent enzymes m »i*rt>; however, their specificities 
toward target enzyme/protein binding are uncertain, A 
random peptide library displaying a 22-mer peptide on a 
bacteriophage surface was constructed to screen peptides 
that specifically bind to plant CaM informs (soybean ^cal- 
modulin (ScaMM and SCaM-4 were used m this study) in 
a Ca* + -dependent manner. The deduced ammo acid 
sequence analyses of the respective SO phage clones 
that were independently isolated via affinity panning 
revealed that SCaM isoforms require distinct ammo 
acid sequences for optimal binding- ^^mding 
peptides conform to a 1-5-10 

X352XFILVW>) motif (where X denotes any amino acid), 
whereas SCaM-4-binding peptide sequen^c^ conform 

motif. These motifs are classified based on the positions of 
conserved hydrophobic residues. To examine then- bind- 
ing properties further, two representative peptides from 
eachoftheSCaMisoform-bindingsequenceswer^^the- 

sized and analysed via gel mobility shift assays, Trp fluo- 
rescent spectra analyses, and phosphodiesterase compet- 
itive inhibition experiments. The results of these studies 
suggest that SCaM isoforms possess different binding se- 
quences for optimal target interaction, which therefore 
may provide a molecular basis for CaM isoform-spceific 
faction in plants. Furthermore, the isolated peptide se- 
quences may serve not only as useful CaM-binding se- 
quence references but also as potential reagents for 
studying CaM isoform-specific function in vivo. 

CaM* is a ubiquitous intracellular Ca 2 + receptor involved in 
transducing a variety of extracellular signals (1-3), In contrast 
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to mammals, many plant species belong to a CaM roultigene 
family that encodes various CaM isoforms (4-6). Over 30 genes 
encoding CaM isoforms are found in the complete nucleotide 
sequence of Arabidopsi* thtdiana* CaMs function by ntodulat- 
ing or regulating the activities of their target proteins (CaM- 
binding proteins). More than 30 CaM-binding proteins have 
been identified, including enzymes such as kinases, phosphata- 
ses, and nitrit>oxide synthase, as well as receptors, ion chan- 
nels, G-prcteins, and transcription factors (7-9), Plants seem to 
have evolved a unique repertoire of CaM targets whose homo- 
logues in animals do not appear to be modulated by CaMs. The 
shear number of CaM isoforms and the diversity of CaM tar- 
gets imply that these proteins in plants likely modulate a broad 
spectrum of processes, _ 

CaM is dumbbeU-shaped with the N- and C-terminal globu- 
lar domains separated by a flexible central helix. Each lobe 
contains two hehx-loop-hebxCa 2+ -bindmgmotifa referred to as 
"EE-hands* that are interconnected by a small 3-sheet between 
the two Ca 2+ -binding loops (10>. Ca 2+ binding to CaM induces 
conformational changes that expose hydrophobic axmno acid 
residues on the surface of both lobes. This creates two hydro- 
phobic pockets that are important for target peptide binding. 
CaM binds to a large number of proteins through interactions 
with specinc CaM-binding domains. Therefore, one of the most 
intriguing questions concerning the interaction of CaM with 
target proteins is; how does a phylogenetically conserved pro- 
tein like CaM specifically interact with so many different tar- 
get sites? The determination of the three-dimensional struc- 
tures of the CaM-peptide complexes greatly aided in answering 
this question (11-15). 

Many known Ca 2 * -dependent CaM-binding proteins possess 
a region that is often characterized by an amphipathie hehx 
consisting of -20 amino acid residues. This region contains two 
hydrophobic/aromatic residues that are separated by 12 inter- 
vening residues that anchor the peptide to the two lobes of CaM 
(2) However, sequence analyses based upon this criteria do not 
always identify the CaM-binding region of a protein, and there- 
fore, the CaM-binding regions of target proteins do not always 
fit these criteria. Furthermore, the presence of a novel class of 
CaM-binding proteins that assume a non-heheal conformation 
in the CaM complex has been suggested 1 16). The CaM-binding 
domains of these proteins are characterized by the dommance 
of basic amino acids in contrast to the canonical mobf in which 
hydrophobic amino acida arc dominant. An attempt was made 
to examine the elements common to the many reported CaM- 
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* * * * * * 


SCaM-1 


DKDGDGCITTKE 


SCaM-4 


DKDGDGC itvee 


B-CaM 


DKDGDGTITTKE 


SCaM-l 


DADGNGTIDFPE 


SCaM-4 


DADGNGTHEFDE 


B-CaM 


DADGNGTIDFPB 


SCaM- I 


DKDQNG?ISAAE 


SCaM-4 


DKOQNGYISASE 


B-caM 


DKOGNGVISAAE 


SCaM-1 


DVDGDGQINMEE 


SCaM-4 


DLDGDGQVN Y EE 


B-CaM 


DIDGDGQVNYEE 


Consensus 


DKDGDGTIDFEE 



EF-hand X 



T2F~tiand II 



EF-hand III 



EF-hand IV 



Fig. 1. Comparison of amino acid sequences of four EF-hand 3 
from SCaM-4, and bovine bnwn CaM (B-CaM). Consen- 

sus shovS the most frequently observed amino acid residue in each 
position of the Ca 3+ -binding loop region of EF hand, which is derived 
from the comparison of known Ca**-binding proteins (23)- Underlined 
amino acid residues indicate higher than 70% conservation. Ca 2 *-bind- 
ing ligands are denoted by axterisks. and residues conformed to the 
consensus are indicated by boldface teltuv. 

binding regions from different proteins. From sequence com- 
parisons of CaM-binding peptides and CaM-binding domains 
within the CaM-regulated proteins, three classes of CaM-bind- 
ing motifs have emerged (17). They include a modified variant 
of the IQ motif as a consensus for C a 2 * -independent binding 
and two related motifs for Ca 2+ -dependent binding, termed 
1-8-14 and l-S-10 (based on the conserved hydrophobic resi- 
dues within these motifs). Based on these structures and se- 
quence information, a web-based data base is available for 
quickly searching for a potential CaM-rrinriing site in a given 
protein sequence (18), 

In plant cells, multiple CaM genes code for numerous CaM 
isoforms in wheat (19), potato (20), Anzbidopsis (21), and soy- 
bean (22). We have recently cloned five CaM isoforms from 
soybean (SCaM- 1-5). Although some of these isoforms (Le 
SCaM-1-3) are more than 90% identical to mammalian CaM, 
two {SCaM-4 and SCaM-5) exhibit only a 7cV& homology with 
SCaM-1 and are therefore the most divergent isoforms reported 
thus far in the plant and animal kingdoms. SCaM-4 is consid- 
ered a bona fide CaM isoform based on the following charac- 
teristics. At primary structure level, 5CaM-4 has conserved 
four putative EF-hands and a central linker region, hallmark- 
ing structural features of CaM (22). In addition, most of ammo 
acid exchanges occur outside EF-hands, and the number of 
total amino acid residues are abo conserved (14S amino acid 
residues for SCaM-1 and mammalian CaM, and 149 amino acid 
residues for SCaM-4 (22)). When compared with the preferred 
consensus amino acid residues of EF-hands derived from 
known Ca 2 * -binding proteins (23), the residues in all four 
Ca 2A -binding loops of SCaM-4 conform to the consensus (Fig. 
1), suggesting that SCaM-4 can bind four Ca* + molecules. All 
SCaM isoforms including SCaM-4 are ubiquitously expressed 
in various plant tissues and show similar subcellular localiza- 
tion patterns to the highly conserved SCaM-1 (22, 24). Intrigu- 
ingly, the cellular level of SCaM-4 rapidly rises upon specific 
stimuli such as pathogen infection in the same cells constitu- 

, Furthermore, SCaM-4 has the 



However, SCaM-4 has distinguished ability from SCaM-1 in 
the activation of CaM target enzymes, which can be categorized 
into three different types (22, 26-29) as follows: 1) enzymes 
activated equally by both SCaM-1 and SCaM-4 (e.g. phospho- 
diesterase (PDE), plant Ca 2 "-ATPase, plant glut&mate decar- 
boxylase, and CaM-dependent protein kinase II); 2) enzymes 
activated only by SCaM-1 (e.g- caleineurin, myosin light chain * 
kinase, red cell Ca 2+ -ATPase, and plant NAD kinase); and 3) 
ensymcs activated only by SCaM-4 (e^T- nitric-oxide synthase). 
SCaM-1 and SCaM-4 also exhibit differences in their Ca 2 ^ 
concentration requirements, for target enzyme activation (2S). 
Studies defining CaM-binding sequences and analyzing their 
interactions with CaM have shed light on the specificity of the 
interactions between CaM and the particular target molecules. 

Here we have adapted an approach for defining the SCaM-1 
and SCaM-4-binding peptide sequences using a random pep- 
tide bacteriophage display ttbrary. Bacteriophage display and 
affinity selection of phage-displayed peptide libraries, a tech- 
nique based on serening a library of foreign peptides displayed 
on the surface of M13 bacteriophage, has proven to be a very 
useful tool for characterizing a number of protein-protein in- 
teractions. Due to the physical linkage of the expressed peptide 
with its genetic sequence, libraries numbering from 10 8 to 10 
peptides have been rapidly screened for a wide variety of ap- 
plications. This useful tool has been used to map antibody 
epitopes and to discover peptide ligands for membrane recep- 
tors and cytosolic proteins in recent years (30), In this work, we 
have searched SCaM isoform (SCaM-1 and -4>favored peptide 
sequences from a phage display library, and we defined novel 
SCaM-1- and SCaM-4-spccific binding sequences. Further- 
more, we have analyzed the interactions between SCaM-1 and 
SCaM-4 and their respective binding peptides using a variety 
of biochemical techniques including gel overlay, gel mobility 
shift, fluorescence spectroscopy, and phosphodiesterase compe- 
tition assays. Our data show that SCaM isoforms possess dif- 
ferent sequences for optimal binding to specific targets. This 
may provide a molecular basis for CaM isoform-specific func- 
tion in plants. 

EXPERIMENTAL PROCEDURES 
Construction of a Random 22-mer Phage Ubrar^-Thc pbagemid 
vector pCANTAB5£ (Amcrsham Biosciences! was modified to construct 
a vector far our library (Fig. 2A). Two oligonucleotides (5'-CCGGCCG- 
GCGATATCAGCGGC -y and 5 ' -GGCCGCGCCGCTGATATCGCCGG- 
CCGGCT-3*) were mixed, heated to 75 fl C for 10 min, and allowed to 
hybridize by cooling slowly at room temperature Tor 30 min. The hybrids 
were inserted at the Atal and Sfd site of pCANTABSE to introduce Notl 
and EcoftV sites and a sequence coding for junction amino acid resi- 
dues. The resulting phage peptide library vector was named pCANTA- 
These vector© were digested with Notl and EooKV to clone dou- 
ble-stranded DNA coding for random peptides. This process is shown in 
Pig. 29. Single-Stranded DNA encoding 22-rcsiduc random peptides 
(oMNNK)raGCGGCCGCAGGTGCGC-S'> and one oligonucleotide (5'-G- 
OGCACCTGCGGCCGC-3 ), in which N is A, C, G, or T (couimolar). and 
K ia C or T (equimolar) were hybridized and converted into doublo- 
stranded DNA using Kltmow DNA polymerase. The DNA was cut by 
Notl to produce one blunt end and one Notl site and then ligaied into 
pCANTAN5F. The resulting DNA" sequence and amino acid sequence of 
the N-tenninal region of gpni are shown in Fig. 2C. Twenty electropo- 
rations, each osing 0.5 ug of the DNA constructed as above and 100 /J 
Of electrocompetent Escherichia coli TGI cells, yielded 4,2 X J0 B trans- 
formants producing in fectiflu* phages. The helper phage MX3K07 was 
used to produce a phage library from the bacteria harboring library 
phagemids. _» .- 

Isolation of SCaM Isoform Binding PJiagtS by Bicpanmng—ThB Li- 
brary was screened either with SCaM-1 or SCaM-4 isoforms (22) coated 
on 35 X 10-mra plastic Petri dishes. These Petri dishes were coated with 
SCaM isoforms by incubating them with 1 ml of the SCaM protein (100 
ug/ml in TBS) for 1 h at 37 *C. The residual binding capacity of the dish 
was blocked with 0.155, BSA. About 2.3 X I0 n colony-forming units of 
the phage library in TBS (ISO mil NaCl in 50 mM Tris-MCl, pH 7.5). 



tively expressing SCaM-1 (25) 

ability to modulate activity of many CaM-dependent enzymes 
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AmcrSlopCo*wi 
pCANTABSE 




I Insertion of synthesized DNA 



£coRV 



B 



I'COCCGGCCTCCACCjCG 5' 



CACC.CQ 5' 



.VttfJ cutting 



C X 3 AAA 

^ -CXr,GCCCAGtXGGCCO^CXlATCWKKX^CCGCA- 

FlC 2 Construction of tbo random peptide li^y.R^ition 
acou^ccra^r^tnction situ or enzymes arc indicated by tees and 
respectively. The ktter N Stands for an ^1 mature of A, 
G C and T and K stands for an equal mixture of CyS and Thr A 
S^c'd^re i described for construction of the peptide lforary vector 

am ino acid seouence at the 
f, VA flnrT ,« lVW Hirt<' DNA «MUcncca arc sliown. BoLcifact letter* carrc 
2^E^U^~ ln«W residues.*, P««^H 
^construction ofdoublcstranded DNA wd.ng for random P^f^- 
amino add sequence is listed for the random pept.de, indicated as X*, 
The corresponding DNA sequence is also shown. 

0.1% Tween 20 were preincubatod wi* 0.1* «Ah JU ^ " > ^™ 
temperature to remove BSA-binding phages and w ™ ^"" d J ' 
tTcnM-enated dishes by incubating them overnight at 4 'C. The plates 
5StS£d £ toi for 5 min with 1 ml of TBS. 0.13 -Tween 20 to 
^^mbouml nhases Phages' bound to SCaM-1 or SCaM-4 were 
JtrterHn TBSO f£ Tween 20with 2 m« EGTA. The ehiled phases 
we're amp^ed by S logarithmic phase E coli TGI- The helper 
p££c M13K07 was introduced into infected e c Us to P^^P^f*. 
Thfresultiag phages were subjected to tt^UHlM rounds^ 
biopsying. SCaM-1 or SCaM+binduig phages <**^* ™& 
rounds Of the selection process were plated with E «rf< TOl to raise 
Tories Each done was grown in 1 ml of 2x YT medium wpplemetitod 
witt 100 ampicillin at 37 «C. Shaking to a late log phase. Alter 

adding the Helper phage M13K07. the culture was tother intubated 
olerXht ondTcWr Phage supernatant was » 

ofthc selected phages to SCaM-1 and-4 by ^rme-Unked ta»™^ 
hent assay using an KRP-eonjugatcd anta.M13 <U*kody .W^"»» m 
~™L,i l1s e reaction of HRP with 3\2'-az>no-Ms(3-ca»ytt«nrthia- 
SSSSSUr^ wos quantified b y measuring the absocbance at 

4 10 am in a ( »<^ b ?^^^£>„«on P^eins in E. ccU- 
hSS-? ^ntrreSur^dhyPCllusmg modify primers 



both upstream and downstream of the geno III i ^uence I Jgl™^ 
CATQGCTTTCTATOCGGCCCAG-3 and 5--AGCGGA£CCGGfiTAC^- 
GGACCGGCCCA-3'), where the underlined nucleotides represent the 
Smal and Ncot recognition sequence. PGR "«^£? d ™* » 
temoeraturo program consisting of 25 cycles of 1 min at 95 C, 1 mm at 
tPSSttlSSSn '0, fouled by one cycle of 5 min at 72 -C. After 
amplication, the PCR products were digested with 5mal and A^I and 
cloned in Smol- and JVcnI-claaved GST fusion vector, pGEX-KGCSD- 
ThTllgatedMfAa were used to trenaform B. coU BL21 colls- DNA waa 
prepared as above from the cultures «rf individual cgMMJ vA i roeom- 
binants were identified by digestion with SmnI and Mol and wnfirmed 
by DNA sequence analysis. Recombinant DNA techmques ndu*ng 
LtbwL, Plasmid preparations, gel electropho^s hgabonj 
and enzymo digestions were all carried out according to Sambrook cU. 
(32). Purification of DNA from agarose gels was performed with a 
OlAEX II ouTification kit (Qiagen). 

FOX the preparation oT GST fiisioo proteins, transformants were 
crown ia liquid cultures with ampioUlin selection to an optical density 
0f0.5 at 600 nm. 1 mMiSOpropyl-1-tWo-^galactopyranos.dc was &0O 
added and the cultures were further incubated for 18 h at 87 C. CelU 
wTreconected by centrifugation and stored at -20 'C or less unWusad. 
Frorcn cells were thawed on ice and resuspended in buffer M (20 mM 
Tris-HCL pH 7.5, 0.1 mM EDTA, 5 am 2-mcicaptoothnnol 2 mM phen- 
Tlmethylsulfenyl urea, 0.1 mM p-aminobeniamidinc), znd the cell sns- 
acn^ons were aonicated for 1 min at a 20% pulse. After cleanng the 
STy oXfugation at 15,000 rpm for 10 min at4 'C, the ^upert£ 
^ t (designated as the crude CaM-PEP preparation) was used for the 

GdOverlay Assay-To prepare horseradish peroxidase (I«P)- 
conj^gated CaMs, wo conjugated SCaMs with •"^^g^ 
HRP using the EZ-Link maleimide-activated HRP coijugatwn kit 
fierce) Wording to tho manufacturer's instructions. Before conjuga- 
"J incubated in 50 m>. Hopes, pH 7 0 0.1 M *X%*>g 
itoTat 55 -C for l.B h to reduce cysteine residues. The reduced SCaMs 
wero washed and concontmted in degassed phosphato-buffcrcd sahnc 
buffer u^ Centricon ClOs (Amicon). After conjugotion, the efficiency 
ofSC^Sugation to HRP was determined by SDS-PAGE. Coma- 
tS. ^ usually greater than 90*. Unconjugated res-dunl 
CaM was removed by gel filtration. CaM gel overlays were performed as 
described previously (33). Ten M g ofOST fusion protcm was separated 

on an 11% SDS-polyncryiamidC ge'- . ± . 

DVA ScuenciV-DNA sequencing was earned ~t using pnmers 
, 5 ' D CCATZTTACG^CAAGCTTrGGAGCC^' and S'fTAAATGAAT- 
TTTCTGTATGAAG-3') and on Applied Bmsystems automatic se- 
quencer (PerkinElmer Ufe Sciciwcs). vmrrvi 1RI V, 
Ptptide SynJhffsis-Peptidcs (Pep A APAHAUpiWe^GSLlRLV- 
PIA n 7d Pan B CN^LLLRSLSYWGYWLSALRL) were synthesized 

an Applied Biosystems model instrument. Pophdns were toUted ^d 
purifM by reverse-phase high pressure liquid chromatography us.ng a 
C, a column, and their amino acid sequences were analyzed. 

feci Afobi/i* SMft A^nys-The abiUties of the synthrfic PepUd«(..<. 
Pep A and B) to bind to the SCaM-1 and SCaM-4 .sofbrms were CMm- 
fnrf by the relative mobility shifts of the CaM-peptide complexes i» ng 
4 « urea palyacrylamide gel electrophoresis in the preseni^ of the 
peptide and 01 mM CaCI, or 2 mM EGTA. Urea gefc contain^ 13% 
^lamido. 4 M urea, 0.375 * Tris-HCl, P H8.B. and O^lmM C aCl^or 2 
mM EGTA and wore run at a constant voltege of 1Q0 V M 
buffer consisting of 25 mlf Trie-HCl, 192 mM glycine pH 8.3 and 0.1 mM 
CaQ„ or 2 m« SGTA- Th, SCaM-1 or SCaM-4 isoformaxid increasing 
concentrations of Pep A and B (molar ratio: 0.25, 0.6, < 0.75 1.0/ L5,2£ 
Tnd 2.5) were incubated at room temperature tor lh in 100 mM Tns- 
HC1 dH 7 2 4m urea, and 0.1 mM CaCU. or 2 mM EGTA. Glycerol (50*) 
3* ^r bromphenol blue was added before th, samples were loaded 

° n nZnxlnc e Spectrescopy-The changes in tb. microenviro— 
of fhe peptide Trpresidues upon binding to SCaM were monitored by 
Oaor^ence sp^oscopy using a PerkinElmer life Sc^^ 5 ^ 
minoscence speirometer. The ^citation and em ,aMOn slit w.d^s we^ 
2nm and emission spectre scanning was earned out at 10 nm/nun with 
1 ^ath length cuvette. The Trp residues of Pep A and B mcubated 
L C^" bufl^SO mM Mopa. pH 7.5, 0.1 M KC1, 0.1 mMCeCl,) or m 
SgTA buffer (50 mM Mops. P H .5. O.l m KC1, 2 m« EGTA) at room 
i^p«raturo for 30 min were excited at a 295 nm exo^n wavelength^ 
ord^Tfiuorescence emission spectra in the range 295-560 nm «c™ 
An^cLtion wavelength of 295 nm waa used to decrease Tyr 
?™cncc in SCOM- SCaM was added to the same euv^efrom a 
bishly concentrated stock solution to maximize the dilution effects. 



Inserts of selected clones were ampuncooyr^«u 3 m 6 - ~ - 
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Circular Dichroism—CT) spectra were obtained on a Jaseo J-720 
spectropolarimeter usin£ a I-mm cell at 25 *C. The peptide concentra- 
tion used for CO measurement* was 50 /*M, and the aolutwns included 
10 tnM Tris-HCl, pH 7.5, and 50% 2,2,2-trifluorocthanol (TFE) (v/v). 
Secondary Btructure contents were calculated using the Circular Di- 
chroism DecoTivolution program (34). 

PhosptodLeaterase (PDE) Competition Assay— Cyclic nucleotide PDE 
aaaays YfCre performed using comoxercially available bovine heart CuM- 
deficient PDE (Sigma). The initial 100-jtl reaction volume contained 
buffer (100 mM imidazole KO, 2.56 mwcAMP, 5.13 row MgS0 4 , 1-28 raM 
CaCU and varylngconcentrations of SCaMs (6-200 nM) in the pveaence 
<10O nM of either Fep A Or Pep B> or absence of peptides. The reaction 
was started by the addition of PDE (0.3 miHiunits/^1). The basal level of 
enzyme activity was determined in the absence of SCaM, and stimu- 
lated activity was determined in the presence of either SCaM-1 or 
SCaM^t and CaCU- After on incubation at 37 *C Tor 30 mm. the reac- 
tions were flopped by placing the reaction tubes in a boiling water bath 
for 5 min and then on ice for 2 min. Following a brief conjugation 
step. 50 ul of alkaline phosphatase (10 units) was added, and the 
samples were incubated for ID min at 37 'C. The reactions were stopped 
by addin- 500 *d of 10% trichloroacetic acid. After vortexing, the prer 
cipitatea were pelleted, and the supematanta <400 were transferred 
to new tubes. One ml of phosphate reagent (22) was then added, and 
samples were incubated for 15 min at 37 °C and assayed for P, MJtenl 
at OD^- The dissociation constants (i^) of SCaM-1 and -4 fOT Pep A 
and B were calculated from the concentration of SCaM (o>0 required to 
obtain half-mammal PDE activity either in the presence (100 nM or 
absence of the peptides. The following equation (35) was used to calcu- 
late tho dissociation constants: = (tfM + X - [CaMl^[CaM| - iO, 
where IP,] represents the total concentration of peptide added, and 
[CaMl and K are the concentrations of CaM required to obtain hair- 
maximal activation of PDE in the presence or absence of peptides, 
respectively. The K tl for Pep A or 6 binding to SCaM-1 or A was 
cakuktod using the following valoes: IP,] = lOO ^J = "^J^E? 
A) or 10.6 an (for Pep B) (calculated from the SCaM-1 or -4 actLvatnon 
curves in the absence Of Pep A or B), ISCaMl ~ 33.6 nM (for Pep A) or 
37.4 ntf (for Pep B) (calculated from the SCaM activation curve \n the 
presence of 100 nM Pep A or B). 

RESULTS 

Construction and Characterization of the Random 22-mtr 
Peptide Phase Display Library— The 22-mcr phage display 
random peptide libraries were constructed using a modified 
pCANTAB vector, a* described in Fig. 2. Random peptides of 22 
amino acids in length are expressed at the N terminus of the 
M13 protein III bacteriophage. Initial transformation of the 
library produced 4.8 x 10 s independent clones and subsequent 
amplification yielded 2.3 x 10 11 pfu/ml To confirm to* diver- 
sity of peptide sequences in the library, we randomly picked 80 
individual phage clones and determined nucleotide sequences 
of random peptide regions. In Fig. 3A f the distribution of ammo 
acids in the 22-mcr random peptide library is reported as a 
percentage of the total. All amino acids were uniformly distrib- 
uted in this library, taking in to account tho bias inherent in the 
codon usage ratio. The distribution of amino arid types that 
appears at each residue position of the sequenced inserts is 
shown graphically in Fig- 35. Acidic (Asp and GhO, basic (Lys, 
Ar g> and His), polar (Ser, Thr, Cys, Tyr, Asn, and Gin), and 
nonpolar amino acids (Gly, Ala, Val, Leu, lie, Pro, Phe, Tip, and 
Met) arc relatively proportional to their presence in the genetic 
code and generate not only linear sequence diversity but also 
the biochemical diversity desired in a library for screening. 

Eolation of SCaM-1- and SCaM ^binding Peptides-lu an 
effort to study the binding sequence preferences of the SCaM-1 
and SCaM-4 isoforma, we screened a phage display peptide 
library by biopanning with purified SCaM-1 and SCaM-4 pro- 
teins, respectively (see under "Experimental Procedures'). 
Briefly, SCaM-1 or SCaM-4 proteins immobilized on the sur- 
face of plastic Petri dishes were incubated with phages m the 
presence of Ca 2 *. Bound phages were eluted with EGTA after 
extensive washing. After three rounds of selection isolated 
phage clones were tested for specific binding to SCaM-1 or 
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Fig. 3- Amino acid distribution in the 22-mer random peptide 
library. A. a total of 80 peptide sequences from the 22-mer random 
library was obtained and analyzed as described under Experimental 
Procedures," the percentage of each total amino acid wa* determined. 
B frequency and positional distribution are listed for the ammo acid 
tvpes in the 22-mcr random peptide library. The amino acxds were 
divided into acidic (Asp and Glu) r basic <Lo*, Arc;, and His) nonpolar 
(Gly Ala, Val, Leu. He T Pro. Phe, Trp, and Met), and polar (Ser Thr, 
Cys/Tyr, Am, and Gin) species. The frequency of each armno acid type 
at each residue position is indicated as follow*: acidic, dotted Oars; DftSJC, 
open bars; nonpolar, hatched bars; and polar, filled bars. 

SCaM-4 via an enzyme-linked immunosorbent as say -based as- 
say (see "Experimental Procedures"). Approximately 90% of the 
isolates exhibited strong SCaM-1- or -4-binding activity (data 
not shown). Each of the 80 independent phages reacting 
strongly in the enzyme-linked immunosorbent assay were se- 
lected from the SCaM-1- and SCaM-4 biopanning, and their 
nucleotide sequences were determined. In Fig, 4, their deduced 
amino arid sequences are shown in random peptide regions, 
which are aligned to reveal consensus sequences. For conven- 
ience, we designated SCaM-l-binding peptide sequences as the 
ft ~series and SCaM-4-binding peptides as the /3-series. Despite 
the considerable sequence diversity observed among these 
clones, their careful alignment yields two distinct binding rao- 
tife. Based on the positions of conserved hydrophobic residues, 
SCaM-l-binding peptides can be fit into a 1-5-10 motif, pos- 
sessing a consensus sequence of ((riLVTVlXXXCFILV)) (where 
X denotes any amino acid). In contrast, SCaM-4-binding pep- 
tides conformed to a 1-8-14 motif of <(FILVW)XXXX%X(FAl^ 
VW1XX*XX(FILVW)). In both cases, most of these peptide 
sequences contain one or more basic amino acid residues, which 
results in an overall positive net charge for these peptides- 



phage clones were testes i»r oy^^^ ~> — 
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A„ SCaM-1 Binding Pop tides: 



CaM Isoform-specific Binding Peptides 
A 



Canoenevs a*qucn<:±: t (FlLvW)xxx(FX^V) 
1 S 10 
o1 APAHALFHWGVLGSLXiUiVPLS 

tt 4 LGVXGQfiVIKVLVKrWWVliPC 

YVPKrfiGVGPCQCTVGKLWWRT 

$ LLNLW KGASTW RTFPGS FGW 
HGKMRVRA1*« ?VLRLACX*GGSC 
VARIC£aGVWPRIRGXTSSCAFT 

GPLWKO?GVKTRW$AQliPliCA 
V£L ROSVAFVRWtPRYLCVO 



aS 
a6 
«7 

clS 
1X9 

axe 
all 
al2 
ctl3 
ai4 
ais 
cas 



vskltofht^slvglvasyvtwg 
kcwmrvralwpvlrlaclcgsc 
vrsrgnvgskvglciscsr^vf 



not cltM?g« 

0 
0 

»i 

-r2 

♦ 3 
+1 
*1 
+2 
«-l 

♦ L 
+ 2 
+ 3 
»3 
-1 
+ 1 

♦ 1 
0 



a 

11 

a 

7 

? 

6 
6 
4 

3 
2 
1 
1 

1 
1 



200 
M 



B- Binding peptides: 

C^enaus SC q^ncBi t(PXLVW) wooot (FAlLVW)x«o« «PiLvwn 
i en 

Pl QilU,LLRS&ft*WCYWL$AUiL 
P2 RLI^LKSLR^VCHMVLSGLRWCT 

ifckcswsgclkfayvlomvl 

04 QASliLFV?KIiOIYRGLRPSi.SPM 
PS SKiUiWLSLGPMtGOLLKFXFGI 
p£ GQK*P»*.¥LTHAASSaMAVCCG 

p 7 vgswsvpqvrs»flkvrklpsg 

p a vARfi^IiRSLSXHARCHS'KVVCL 

PlO HAGltAIYSWRtJfSKRVaNHVR 

p ix OILTWSRQFVRQGP7GVAGVRL 

P12 IHSVLiiRPRW^KVOVPGSVCOW 

pi 3 PQGGPVliLHKQLKCPVDSSLFC 

pli SLGWrwSCTCKSlJC^YSRPWRV 

plS VRLRAPRDVPMRA3VTHAGCA 

fcLG SQAlKiDRLVPYVft^IVOiPLrr 
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FIG 4. Deduced amino acid sequence* derived from the phage 
display library by affinity selection with SCaM-1 (A) or SCaM-4 
5W Ph^es fi™n a 22-mcr random peptide display htairwi sub- 
teted to t£w muods of selection on SCaM-1 or NdW Uffimty pear 
independent 

linked immunosorbent assay *>gnal was selected J™« ' °! 

SCaM-1 biopanning Their nucleotide HipMew weredeternu^and 
^ deduced amino acids are compared. Boldfiv* residue* ^djCBteftc 
three hydrophobic amino acids that arc grouped into one of two types 

SCaM-l-bindins peptides, and the 1.9U4 (<FILVWjX»DlX?(FA&- 
WOTD^W?) motif ^presents the SCaM-binding «kM 
basaSonlhe positions of conserved bydrophob.e residues. The f*e- 
qutney of appearance Or) and electrostatic charge of each of the rotates 
is indicated as shown 

Identification of SCaM-1- or -4- nptdfvi Peptides by Gel Over- 
lay ^say-To verily the specificity of SCaM-binding phage 
isolation using biopanoing, a CaM gel overlay assay was per- 
formed (24). First of all, three of the most frequently isolated 
neptides obtained from each of the SCaM-binding phages ( ( .e. 
„ l a 2 and a3 for SCaM-1 and 01, 02,and 03 for SCaM^>were 
expressed as GST fusion proteins using the vector P^-KG 
(30). As shown in Fig. 5, these GST fusion proteins exhibited 
molecular masses of ~29 kDa by SDS-PAGE, consistent with 
the predicted values of -3 kDa for the SCaM peptide plus -26 
kDa for the GST protein. In the gel overlay as&p.dl* peptide 
fusion proteins exhibited positive signals w.th SCaM-l-BKf 
(Fig. 5A), whereas SCaM-4-HRP resulted in » "SMfc Con- 
versely, for the p pepUde fusion proteins, only SCaM-4-HKr' 



SCOMflHRP 

p l0 5. SCaM gel overlay of isolated peptides. The GST fusion 
protoins were prepared as described under "Experimental 
E^al amounU (10 M ) of total *. coli protein extracte wercj f, ubj ^« 
SOS-PAGE (11% gel), and stained by Cooma&rte Brilliant Blue (|«A 
lands,. The protein gcU were transferred to nitrocollulase mGmbranes 
^d pmbed with onti-GST antibody (At) todotect the BXprtasionofGST 
fusion peptides (2nd pone's frotn left) uod probed further w.th a.thcr 
SC^irHRP(3rrfpa/.efc f™m left) or SCaM^-HKP (nght pamM. The 
Lund SCaM-l-KKPor SCoM-4-W was detected using m ECL ? ys- 
teTrAm^rshani Biosciences). M indicates protein "^^^ 
marker, A Shows the SCaM-l-favored peptides, and S shows the SCaM- 
4-favored peptides- 

exhibited positive binding. Interestingly, CaM binding signals 
for these fusion proteins correlated with their frequency of 
isolation in the biopanning. For example, al and 01. the most 
frequenUy isolated sequences for SCaM-1 and SCeM-4 buiding, 
respectively, produced the strongest signal* among the tested a 
and B peptides in the gel overlays (Fig. 5. A and S) In either 
case, the negative control (/.«. GST protein alona) exhibited no 
binding to either of the SCaM-HRP probes. In addition, no 
significant signal was detected when the gel overlay assays 
were performed in the presence of an EGTA-containmg buffer 
(data not shown). Thus, these resulte indicate that these pep- 
tide sequences specifically bind to the corresponding SCaM-1 or 
SCaM-4 in a Ca a+ -dependent manner. 

Gel Mobility Shift Awoys— The gel overlay assays confirmed 
the binding of SCaM to the isolated peptide sequences. How- 
ever they did not provide quantitative information for these 
interactions. To examine further the SCaM-binding specificity 
of the isolated peptide sequences, the most fluently isolated 
peptide sequence was selected from each SCaM-1 or SCaM-4 r 
bindinff peptide sequence. These are designated as Pep AUU£- 
hSfKvLGSLIRLVFLS) and Pep B (CNKLLLRSLRYW- 
GYWLSALKL), respectively. The synthesized peptides were 
then tested by gel mobility shift to assess their "terpens 
with the SCaM isoferms. Complexes formed between the SCaM 
isoforms and either Pep A or Pep B were confirmed by gel 
electrophoresis in the presence of 4 M urea. Urea was used since 
it dissociates low affinity and nonspecific complexes, leaving 
only the higher affinity and higher specificity complexes be- 
hind As the ratio of peptide to Ca 2+ -SCaM increased, we 
observed a band shift due to the formation of a comptox be- 
tween the peptide and Ca 2 *-SCaM (Fig. 6, A and Z». In the 
absence of peptide, SCaM migrates as a single band (data not 
shown). When the ratio of peptide to SCaM was equal, a mo- 
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Fl(5. 6. Gel mobility shift assay for peptidc-SCaM isofotm com 
places. Complex formation between SCaM iaoforcus and either Pep A 
or Pap B was determined in the presence of either 0.1 mM CaCl, or 2 mM 
2QTA. Purified SCaM-1 or SCaM-4 was incubated with increasing 
amount* of Pep A or B (Pep A o.- B wnw> SCaM-1 or -4 molar ratios are 
indicated), and then samples were separated by ngndonaturm^ PAGE 
in the presence of 4 M urea. The gels were stained with Coomassie 
Brilliant Blue. A indicates SCaM-1 + Pep A + Ca*"; B indicates 
SCaM-1 + Pep A + ECTA; C indicates SCflM-4 + Pep A + Ca ar ; D 
indicates SCaM-4 + Pep B + Ca^'; E indicates SCaM* 4 + Pep B * 
EGTA: and F indicates SCaM-1 + Pup B + Ca J ". The arrows m A and 
0 indicate the SCaM-l-PepA 0 rSCaM-4-Pcp B complexes respectively. 
Free peptide is not appurcnt because it had run out of the gels X>y too 
time electrophoresis was stopped. 

bility shift was observed for nearly all of the SCaM proteins. At 
a peptide to SCaM molar ratio of 1.5, virtually no free SCaM 
was detected. Taken together, these observations indicate that 
the peptides bind to the Ca 2+ -bound SCaM isoforms at a 1:1 
molar stoichiometry. This is consistent with the previous ob- 
servation (36) that most of the well characterized CaM-bindrng 
peptides, including peptides derived from myosin light chain 
kinase, constitutive nitric-oxide synthase, and CaM-dependent 
protein kinase J form a 1:1 complex with Ca 2 +-CaM. No mobil- 
ity shift was observed when 5 mM EGTA was added to the 
samples, indicating that the interactions between the SCaM 
isoforms and the peptides are Ca*+ -dependent (Fig. 6, B and 
E). Interestingly, we could detect neither a SCaM-l-Pep B nor 
a SCaM-4-Pep A complex in the mobility shift assay (Fig. 6, C 
and F). These results suggest that in the presence of Ca A , Pep 
A and Pep B form a 1:1 complex with SCaM-1 and SCaM-4, 
respectively. Additionally, these peptides possess a certain de- 
gree of specificity toward the SCaM isoforms, 

Trp Fluorescence .Emission Spectra^- The peptide interac- 
tions with SCaM-1 or -4 were also examined by taking advan- 
tage of the intrinsic fluorescence of the Trp residue in the 
peptide sequences. Fluorescence spectroscopy is a convenient 
method for deUnnining the SCaM-peptide complex. The pep- 
tides have excitation and emission wavelengths of 295 and 
295-560 nm, respectively. The maximum emission of the pep- 
tide in the absence of CaM occurred at 353 nm (Fig. 7). Upon 
addition of SCaM-1 or -4 to the reaction mixtures containing 
Pep A or Pep B in the presence of Ca aj ", the maximum fluores- 
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Fig. 7- Tip fluorescence spectra of peptide binding to SCaM 
isoforms. K D fluorescence spectra were mCOiured in the presence Of 
Ca q * or EGTA using a PcrkinElmcr Life Sciences LS50 luminescence 
spectrometer. An excitation wavelength of 295 nm was used to reduce 
Tin fluorescence from SCaM-l C4) and SCaM-4 {B). SCaM-1 or -4 (2.5 
aM> was added in a solution containing 1-9 jtfi Pep A or B in the 
presence of either 0.1 mM Ca 3 * or 2 mM EGTA. 

cence emission of the synthetic peptides shifted to shorter 
wavelengths (JLe. for SCaM-1 it was from 353 to 333 nm and for 
SCaM-4 it was from 353 to 335 nm) and exhibited -5-fold • 
increase in intensity. This relatively large blue shift indicates 
that the Trp residues were in a hydrophobic environment such 
as the interior of SCaM, which is typical for CaM-binding 
peptides (37). The addition of 2 mM EGTA to the same reaction 
mixture completely reversed the shift in the emission spectrum 
(Fig. 7). These results revealed that each of the SCaM peptides 
bind directly to its corresponding SCaM isoforra. 

Circular Dichroiam Spectra— To examine the molecular ba- 
sis of the binding specificity for the plant CaM isoforms, we 
characterized the secondary structures of the model peptides. 
Because shorter peptides tend to exist as flexible coils in pure 
water, we determined the secondary structures of the model 
peptides in the presence of 50% TFE, a compound that stabi^ 
lizes secondary structures (38). In Fig. 8, the CD spectra for 
Pep A and Pep B obtained at 25 *C are presented. A* can be 
seen, the spectra are very similar to each other. Both contain a 
minimum at 206-208 nm with a shoulder at around 222 nm. 
indicating the dominant presence Of a-helicefl. From the CD 
spectra, the a-helix contents of Pep A and Pep B are estimated 
to be 72 and 76%, respectively. Thus, both Pep A and Pep B are 
likely to bind CaM isoforms as helices. In addition, in their 
SCaM-l-bound forms, both peptides showed increases in their 
cr-helical content, further supporting this theory (data not 

shown). . „_ . ± . 

Peptidc-dependent Inhibition of CaM-octivated PDE Acu- 
ity— Finally, the relative affinities of Pep A and Pep B for the 
SCaM isoforms were determined by using a competition assay 
for PDE, an enzyme that is activated eouaUy by both SCaM-1 
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Fia 9. Effect of Pep A and Pep B on the activation ofJPDE by 
SCaM isoforms. The doseHdependent inhibitions of PDE activity by 
Pep A and Pep B are ahosvn. The inhibitory acUvitnes were ^^ared in 
the presence if and a fixed concentrate (120 nM) of SCaM-1 (A) 
or SCaM-4 (S) with increasing concentre tiana of Pep A or Pep & IW 
activity was measured in the presence of varying concentrations of 
SCaM-1 or SCaM^l and either in the presence or absence of fixed 
concentrations (100 n>0 of Pep A CO or Pep B U». ftesults are shown as 
the means obtained from three independent assays in = 3). 



and SCaM-4 (22). In Fig- 9, A and B, the effect of increasing 
peptide concentrations on PDE activity is shown for a. fixed 
concentration (120 nM) of 5CaM-l or SCaM-4, a concentration 
sufficient for the maximal activation of PDE. A gradual de- 
crease in PDE activity was observed with increasing concen- 
trations of the relevant peptides. Half-maximal inhibition of 
PDE activation by SCaM-1 and SCaM-4 was obtained at -120 
dm Pep A and -80 nM Pep 3, respectively. Up to a concentra- 
tion of 600 mi, Pep Ahad no effect on the activation of PDE by 
SCaM^ and a concentration of more than 1 um was required to 
reach half-maxiroel inhibition. Pep B, on the other hand, was a 
slightly more potent inhibitor of PDE activation by SCaM-1, 
inhibiting at concentrations above 400 nM, and although simi- 
lar to Pep A, half-maximal inhibition was not reached at con- 
centrations below 1 um. To determine K d values for these 
peptides in the activation of PDE by SCaMs, the CaM dose-de- 
pendent activation of PDE was determined in the presence (X00 
nM) or absence of the peptides (Fig. 9, C and D). The activation 
curves shifted to the right in the presence of the peptides 
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indicating a competition occurring between PDE and the pep- 
tides for the SCaM isoforms. The K d values for Pep A and Pep 
B for their inhibition of the activation of PDE by SCaM-1 or 
SCaM-4 was determined to be 31.0 and 28.5 nM, respectively 
(Fig. 9, C and D). These experiments suggest that Pep A and 
Pep B* have at least a 10-fbld specificity for SCaM-1 and 
SCaM-4, respectively. 

DISCUSSION 

We have shown previously (22, 26-28, 33) that SCaM iso- 
forms exhibit differences in their abilities to activate target 
enzymes. Importantly, some CaM isoforms competitively in- 
hibit the activation of certain enzymes by other CaM isoforms, 
exhibiting a reciprocal regulation of target enzymes (26, 28). In 
these in vitro enzyme assays, the SCaM iBOforms often pos- 
sessed significantly different affinities for a given enzyme. For. 
example, with the activation of plant Ca 2 +-ATPase, SCaM-1 
has ~2f>fold higher affinity than SCaM-4 (28). Furthermore, 
in gel overlay assays of various plant CaM-binding proteins, 
these isoforms exhibited different binding intensities, suggest- 
ing that different CaM isoforms might require distinct primary 
sequences for optimal target binding (24). In this investigation, 
in which we took advantage of a phage-displayed random pep- 
tide library, we identify the peptide sequences that interact 
with specific SCaM isororms. Surprisingly, two distinct fami- 
lies of peptides that specifically bind to SCaM-1 ox SCaM-4 
isoforms in a Ca 4+ -dependent manner were identified in this 
study. These peptides fit into a 1-5-10 ((FILVW)AXX(PIL- 
V1XXXX(FILVW)) motif for the SCaM-l-binding peptides and a 
1-8-14 i{FlLVW]XXXX^YAILVV/)XXXXX{FIhV\V)) motif for 
the SCaM-4-binding peptides. Rhoads and Friedberg (17) ^orig- 
inally identified these motifs as Ca 2+ -dependent brain CaM- 
binding sequences, based upon the positions of conserved hy- 
drophobic amino acid residues. These hydrophobic residues 
play an important role in anchoring peptides to target binding 
pockets of CaM via a hydrophobic interaction. It is also note- 
worthy that these Ca 7 * -dependent CaM-binding motifs require 
basic residues, which are important in stabilizing the binding 
interaction by forming salt bridges. Consistent with this all of 
the isolated peptides in this study were determined to be basic. 

It is quite remarkable that plant CaM isoforms exhibit dif- 
fering optimal sequence preferences for their target interac- 
tions in vitro. This is most likely due to structural differences 
between CaM isoforms. For example, SCaM-1 and SCaM-4 are 
-22% different in regard to their primary amino acid se- 
quences. What is the significance of this finding in terms of the 
function of CaM in plant cells? One intriguing possibility is 
that certain CaM isoforms may require specific binding targets 
thereby leading to unique cellular responses. This is consistent 
with the idea that these CaM isoforms evolved independently 
following segregation from a progenitor CaM, as predicted from 
phyiogenetic analyses of these CaM isoforms (22). However, we 
should also point out that these isolated peptides could be the 
optimal binding sequences for given CaM isoforms, which are 
not found in nature. Indeed, in CaM gel overlay assays using 
plant cell extracts, we could hardly find binding proteins spe- 
cific for the CaM isoforms (24). In addition, so for none of the 
enzymes tested in vitro in our laboratory exhibit specific bind- 
ing to particular CaM isoforms. Furthermore, the differences in 
binding affinity between Pep A and Pep B to the SCaM iso- 
forms were no greater than 10-fold. Therefore, it is reasonable 
to speculate that a large number of CaM-binding proteins bind 
to both isoforms, given a certain degree of affinity differences, 
and therefore only a few CaM isoform-specinc binding proteins 
may exist in plants. 

We reported previously that SCaM isoforms are different in 
their abilities to activate various target enzymes (28, 33). We 
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examined whether ther* is a correlation between the differen- 
tial target binding preferences for the activation profiles of 
SCaMs. Interestingly, in the case of «-CaMKII which has a 
1-5-10 CaM-Wing motif, the l-5-10-favorin£ SCaM-1 acti- 
vated this enzyme and at a much lower concentration than 
SCaM-t (-10-fold less, K ACt 22 versu* 275 nM>. Conversely 
SCaM-4 was >4-fold better than SCaM-1 in the activation of 
mtricoxid* synthase, a 1-8-14-typ* enzyme (28). These positive 
correlations further support the biological relevance of our 

fm SevtoQsly, two other groups (33, 40) reported isolating CaW- 
binding sequences using similar strategies. Dedmane^ ^ (39) 
pioneered this type of work using a random 15-mer library, 
shorter than the typical CaM-binding domains, to screen for 
CaM-binding peptides. Among the 2B isolated peptides, irp 
was always present and often (11 peptides) present to the first 
variable position of the random peptide inserts. Additionally, 
17 of the peptides contained Trp-Pro sequences. Nevalainen et 
al (40) used a random 8-mer peptide library and Similarly 
found the Trp residue and the Trp-Pro combination m the 
isolated CaM-binding peptides. Because they used a random 
peptide library consisting of lengths shorter than those of the 
naturally occurring CaM-binding sequences, the peptides bind- 
ing to CaM might be the flanking ammo acid sequences present 
in the vector, potentially posing a significant bias. In this 
regard, the 22-mer random peptide library used in this study 
has merit over those peptides possessing pre-detenmned con- 
straints, and it is also long enough to span the length or the 
hydrophobic binding surface of CaM- These advantages might 
prove useful in the isolation of CaM-binding sequences that are 
more like naturally occurring CaM-binding peptides. The ma- 
jority of the 30 plus CaM-binding domains identified thus for 
consists of stretches of 16-35 amino acid residues. Of the 33 
peptides isolated in this study. Trp residues are found present 
at random positions (6 of them are actually devoid of the Trp 
residue), and only two of the peptides {i.e. «12 and 016) contain 
the Trp-Pro configuration. In addttion, the 1-5-10 and 1-8-U 
consensus motifs found in this study were originally identified 
in natural CaM-binding sequences, further arguing that the 
peptides isolated in this study resemble naturally occurring 

sequences. . , 

What is the importance of our findings in regurd to the 
structural perspective of the CaM-target W^J°*™ ta ™ 
To address this, we built model structures ofSCaM-ll bound to 
either M13 (of the 1-8-U motif) or to the CaMKll CaM-bmdmg 
sequence (of the 1-5-10 motif). The same models were prepared 
For SCaM-4. We then looked for any steric hindrance between 
SCaM and each of the peptides, hoping to discover any struc- 
tural reason that would support our observation of the differ- 
ential binding specificity. In short, we could not find any obvi- 
ous reason that would clearly explain the basis of the binding 
(userimination of the SCaMs. However, we should note that 
this kind of modeling study assumes that both of the ?CaM 
isoforms adopt the same conformation as that of target-bound 
mammalian CaM- Thus, the lack of a positive answer uniting 
from 'the model studies suggests two possibilities. First, SCaM 
isoforms may contain subtle differences in their side chain 
conformations of the residues dirccdy interacting with target 
peptides despite the fact that their overall structures are sim- 
ilar to that of mammalian CaM. This would be similar to the 
structure of yeast CaM which is only 60* identical to ^arnmn- 
Uan CaM at the amino acid level (41). Indeed, we noboodi *> flt 
many Met residues in the SCaM isoforms were substituted for 
bulky hydrophobic amino acids such as He. Leu, and Val which 
are involved in stabilizing the CaM-target peptide complex, by 
forming hydrophobic interactions and are also important for 



conferring flexibility to accommodate and recognize a wide 
range of targets (12). Alternatively, the overall structure of the 
SCaM isoforms might be different from that of mammalian 
CaM and may use different mechanisms for target binding 
than that of mammalian CaM. Therefore, only by high resolu- 
tion three-dimensional structure determination of the complex 
with different peptides can the exact mechanism underlying 
the differential binding specificity of the SCaMs be cletermmed. 

The potential merits of this study are severalfold- First, the 
isolated CaM-bindin$ sequences may serve as good references 
for searching for CaM-binding proteins in data bases or for 
mapping the CaM-binding domains of certain proteins. Second, 
these peptides may serve as useful tools for studying CaM 
isoform-specific functions in plant cells. For example, m regard 
to each other, Pep A and Pep B exhibit at least a 10-fold higher 
specificity for SCaM-1 and SCaM-4, respectively, m both gel 
overlay and PDE inhibition assays. Another advantage of 'those 
techniques is that one can study the function of CaM m differ- 
ent subcellular compartments by tagging the inhibitor peptide 
to various subcellular targeting sequences. For example, its 
nuclear function can be studied by fusing it to a nuclear local- 
ization signal (6). Currently these studies are underway in our 
laboratory. 



Acto/«fe^-Wc are indebted to Or. Miteuhiko > Ifcura ind 
KyokO U Yap (Department of Medical Biophysics. University of 
Toronto) for Help in the modeling Studies. 

KEFER15NCES 

1. Lu, K P.. and Mean., A. R 0903) Endocr, Rw. M. 40-58 

2, Crivici. ^, and Tkur*. M, <19U5) AnntL. Rw. Bu^fy*. Jiiom^L Struct. 

3 HuSTd! V U996) Anntu. Rev. Plant Physiol Plant Mol, *t*J* £5-122 

4. SoSdin. W A., and From*, H. (1996) ft™*^ Scu ^ »-^4 

5 Sdinifc R. B. (ltm>An*tt* «e». PkyM Ptoni Mol. froLA% 697-725 

6 SS; Cotp-Tb.. Jamison. C A.. fell** M- A., and fiita* J. R. 
(1990)./- BioL Chum. 270, 30245-30248 

7, U^Z. Wong. S. T.. Gallup. D, U B Stonn, D. It, Skhcusr. T.. and 
Cullefan.W. A. 09TO)^«nr 399. 105-159 

5. Liao, b! P«*aL B. M. and Luby-phdP*, EC <1999> Proc. Jfetf. W Scu 

9. 2u£!£ £ £™Q?£o*"***- K. Tsicn, R. W, and Router, M (1990) 
10 ^Tv^^l and Cook, W.J. (1903) AM* *f Wj, Ut-W* 

12 llu«M,Ax Crinonborn. A. M.. «h«, C Klea, C. B.. and Bax. A. 

13 Wcu^r^ 

IS. Afeha, M., Caves. L. S. D.. Guimard. " u ^ard^ fr B " ClM5y ' U " 

17 Rtoidif "r. and Friodborp, P. (1997) FASKJlJ. U. 331-4 40 

20. Poo^Twf^aw.. D. a An, C. and Hu,. T. L (1996, J. Ptani^U 

21. G*£&£*? " C Sxymanalu. D„ V«*t*. I V., and ZicHcski. IL 3. (1993) 
Plant Mai. Biol. 22» 215-225 fl . — 

22. Loo, ! H-.K>m, J. C Ue. M. S„ K«. W. D Soo, H. Y. Hong. 
J. C., Lm. S. Y., Bahk. J. D . Hwafts. I.. and Ch». M. J. < 1995) J. BvL Chtm. 

i3. fX! * K.. A. U ''"-n. D. B. CUM ft B». Biaphy*. 

24. ufs. H 9 , IGm. M. C Hco. W. D.. Ki«, J. C, Chuaj, W. S P«rl^ C. Y ; P^k. 
tt c" Ch^g. Y. H.. Kim. C. Y.. L«c. S, Ixt. K. J.. Bi^c, J. D.. Les, S. Y.. 

27 Kendo, R-. Tikunova, 3. B.. Cho. M. J.. <">d Jolm«fl, J. I>. (1999) J- ™* Ctarm. 

I2 f 1393-1407 



forming hydrophobic interactions ana aro aiso ^v^v 

PAGE 49/59 1 RCVD AT W5/2005 9:05:43 PM [Eastern Daylight Time] " SVR:USPTO-ff XRF-1/0 * DNIS:8729306 * CSID:31 07778348 J DURATION (mn>ss):27-54 



05/85/2005 18:10 3107778348 



TROJAN LAW OFFICES 



PAGE 50/59 



21638 

SO Fierce, H. H.. SAochrt, P.. »* F. W.. Lombard*. C. A. »d K«y. 8. K. 
IWW But. CAtm. MS, J3448-434S3 

s ^SSSacawwaMsu ... 



CaM Isoform-specific Binding Peptides 



» SSSr . Ou OtaiS. £ K, •»* Led- J - 4 °' 

39 ,^rK«t a LM.^C tU ,^N, 1 ».,D. J .. M d J ^G^ 

K.. and Yazawm M. (2000) Biochemistry SO, 



PAGE 5W59 * RCVD AT 5ft«005 9:05:43 PH [Easton Dayfight Time] * SVR:USPTO-ff XRF-1/0 * DWS:8729306 * CSID:3107778348 * DURATION (mnws):2744 



05/05/2805 18:10 3107778348 



TROJAN LAW OFFICES 



PAGE 51/59 



Bbctm J. 0993) 343. 2^-37 (Primed In Great Britain) 



29 



Enzymlc characterization in vitro of recombinant proprotein convertase PC4 

«k» BASAK'tl 1 . B. TOUREjj, (arte LAZUREJ. Malambu MBIKAY", Mfchtl CHRET.E Iff - «*» & MM* 



Proprotein convertase PC4A, a member of the subtil isjn/kexin 
family of serine proteases, was obtained in cnzymically active 
form following expression of vaccinia virus «e»bnivu rat 
fr)PC4A in GH4CI cells. It displayed maximal activity at pH 7.0 
and V Ce» concentration of 2.0 mM. Using PC4- S pec»fic ant,- 
bodies Western blot analysis of the medium revealed a major 
bandat « S4kDa.correspondingtothcmolecularsiieof mature 
rPC4A Among the various peptidyi-[4-methylcournann 7-amide 
(MCA)l substrates tested, the one that was preferred the most by 
rPC4A was acetyl (Ac)- Arg-Ly S- Lys-Arg- M C A , which « ; cleaved 
9 times faster (as judged from K m „//C m measurements) than the 
best furin and PCI substrate, pGlu-Ars-T^r-Lys-Arg-MCA. 
Recombinant rPC4A. along with human (h)furm and I UPCl. 
cleaved a 17-amino-acid synthetic pept.de. YQTLRRRVKitl 
SLVVPTD (where i denotes site of cleavage, and the important, 
basic residues arc shown in bold), encompassing the junetoon 
between the putative pro-segment of rPC4A and the acuye 
enzyme, suggesting a possible auto-act.vat.on of the enzyme, ,ln 
an^nbrt to identify potential philological substraws for PC4, 
studies were performed with P^ m *^^^f^ 
derived synthetic peptides, namely Ac-PAKSARlSVRA QGF- 

and Sparser idvst qgfji-^ « «J f 

lysine mutants KIGF- 1- »Lys'»)and (IGF-Il" "LyS")!. Unlike 



PCI and furin, rPC4A cleaved efficiently both IGF-I* * and 
IGF-II"-" suggesting a possible role of PC4 in the maturation 
of IGF-I and -II. In contrast, the peptides with a position 2 (P2) 
lysine mutation, IGF-I-'Lys" and ^P-""'"^.^' 6 
cleaved more efficiently by PCI and funn compared with rPG4A. 
Furthermore, using synthetic peptides conta.tung the processing 
sites of pituitary adenylate-cyclase-aetivating polypepude 
fPACAP)-38 we were able to confirm that, of the two testicular 
enzymes PC4 and PC7, PC4 is the best candidate enzyme for 
maturation of PACAP. Our data suggest that rPC4A is a 
functionally active convertase, with a substrate spec. to ty some- 
what different from that of other converses, namely KXXK l 
(where X denotes any other residue). As expected p- chloro- 
mcrcuribenzoic acid and metal chelators sueh as EDTA, EOT A 
and /r 0 «-l,2-diaminocyclohexane.^,WX,W'-tetra a ceuc acid 
inhibit the proteolytic activity of rPC4A. whereas it * **** 
by dithiothreitol. PC4A was also inhibited by transKion-metal 
ions fCu«*> Hk j * >Zn«* Ni J *> Co"), as well as by small peptide 

and Arg-Ser-L-ys-Arg-SC (K, 11.4/.M). 

Key words: inhibitor,' protease activity, protein substrate, 
substrate specificity. 



INTRODUCTION 

Following the discovery of proprotein convertases (PCs), the 
mammalian counterparts or the serine proteases of yttStkexin 
and bacterial subtilisin. it became important to study the" 
structural and functional properties. Consistent w.th the r sub- 
strate specificity, these convertases share a common ft""«onor 
processing a wide variety or pro-hormones and/or pro-protenu, 
L established by both in vi»o and ft. citro studies The* mc Inde 
neuropeptides, biologically active proteins and their 
growth factors, viral glycoproteins, surface protons, others 
[1 21. In all cases, cleavage occurs on the C-term.nal side of cither 
a single Arg or ft pair of basic residues (mainly Lys-Arg or Arg- 
Are) To date, seven members or this family have been discovered. 
These are furin (also called paired ^j^«o add cwwrang 
enzyme(PACE)]. PCI (also caUedPC3),PC2 .PACE4 PC4 .PCS 
(also known as PC6) and the most rcce ntly discove ed rnember 
PC7 also caUed LPC, PCS or SPC7 11 .2]. The analysis of both 



tissue and cellular distribution, as well as gene regulation of the 
convertases demonstrated a complex, but unique, pattern for 
each enzyme. Thus PCI and PC2 are only expressed in endocrine 
and neuroendocrine tissues and cells. PC4 is found exclusively in 
germ cells, suggesting a possible reproductive /« nctl °* f °^ h " 
enzyme. PC5 and PACE4 are present in a wide array of tissue 
tynes [1.21. Both furin and PC? exhibit the most widespread 
ssue dlsiribution. Varying degrees of overlap o Proteose 
activity of convertases have been reported ind caong both 
redundancy and specificity in their biological functions r>5J. 

Whereas the biosynthetic forms and in vitro properties of most 
convertases. including PC7 [6]. have been examined quite ex- 
tensively little is known about PC4, which was discovered 
SS m 1992 [7,8]. In fact, the deduced cDNA sequence was 
the only criterion used for inclusion of this enzyme in the 
Snveruse ftmlly. Five mRNA transcripts (rPC4A-rPC4E) were 
which differ with respect to their C- or N-termmal 
truncations (8,9]. It has been demonstrated that alternative 



-bbrevletions use.: Z acety.: AMC. ^o^co^n: 

puouary aaenyiate-cyciase-acttvatir.g pc-voep |d«: PACE. iS^cwr^ ra^rWarsa phase: SC. semtcerbazono; w. vaccinia v„us. 

M «™ sch0 " {M a *™ mM 
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splicing is responsible for the generation of these 5 * fl d 3 sphce 
variant The expression of rriRNA for PC4 >S largdy mtatttrf 
to testicular germ cells and, to some extent, within hormonaliy 
stimulated ovaries [7,8,10], whereas Western blot analysis re- 
vealed an immunoreactive protein in epidtdymal spermatozoa 
The mouse (m)PC4 gene possesses an organization very _ similar 
to that of oiher converses [8,11], Recently a PC4-null mouse 
has been obtained, and it was demonstrated tha the fertility of 
homozygous null-animals is sevcrety impaired [12). It was also 
suggested that PC4 migbl be more important in the male than in 
thel female for achieving fertilization, and for supporUn g early 
embryonic development in mice [12]- From their cDNAs, it was 
pSedthatmPC4A and rat(r)PC4A would be soluble enzymes 
composed of 654 or 700 amino acids respectively. Co-cxpression 
of PC4 and several potential substrates, such as proentephalins, 
p ^opiomelanocortin, 7B2, prorenin. amylo d P"?"™'^ 0 
and pro-von Willebrand factor, by us and others 14,13] has so ^ 
vielded negative results. Until now. only one possible physio- 
Kf substrate for PC4, namely pituitary adenylate-cydase. 
Sing polypeptide (PACAP), has been Ut^M*** 
7™, on the basis of localization in the testis and Other studies 
it is also likely that proinsubn-like growth factors (p*IGFs>I 
and -II could represent other potential substrates of PC*. 

In the present study we report the first «. v>iro cruynuc 
properties or recombinant rPC4A overexpressed in mammalian 
GH4C1 cells using the vaccinia virus (VV) expression systems 
The processing of a large variety or synthetic fluo'ogcn.c sub- 
strates, as well as small peptides derived from P^ G ^f^' 
II PACAP and the junction of the pro-segment of PC4 and its 
catalyticsubunit, wcreexamined in order to elucidate the cleavage 
specificity and to identify possible substrates of PC4. 



EXPERIMENTAL 
Preparation nl pClTE vector 

The pCITE vector (Novagcn ; Madison, WI, UAA-V^JJgWj 
with Ncol, blunted using the large fragment of DMA PO'y 1 ^^ 
[ (Klenow), and then digested with XbaX to generate a 3_ 6 kb 
band All restriction and modification enzymes were purchased 
from Gibco Life Technologies (Burlington. ON, Canada). 



Preparation of the 5'-end ot rPC4 

Two oligonucleotides {sense, 5'^GCCCTOCCAi^OOO- 
JTantisLe, ^OATCTTOTTCTATCTOCiT^3)of 
the rat PC4 sequence were used to amplify a 386-bp cDNA 
fragment by PCR. A typical PCR reaction listed of a rPC4 
cDNA plasmid as template at a concentration of 5 n& 1 ,*M of 
both sense and anttsensc oligonucleotides. 2o mM MgCl. 
I X PCR buffer. 0 4 mM dNTPs and 0.5 unit of DNA Tag 
polymerase enzyme. The sense oligonucleotide was adapted with 
a linker (ATTA CCATGG-) at its 5'-end. which was used to 
provide the initial methionine once the PC4 fragments were 
inserted into the proper open reading frame of the ( vector. The 
PCR product thus obtained was then blunted with T4 DNA 
polyTne^sc, in the absence of dNTPs. to remove the 3 adenosine 
gen^ted by the PCR reaction. A Hind digestion or the blun ed 
PCR product yielded the 5' rPC4 fragment of 236 bp used m the 
final construct. The S'-end of PC4 is quite unusual, in that it is 
relatively short (32 nt). and is almost e«l«s'vely made .up 0 fO 
and C bases [9], Its replacement as described above 
improved PC4 mRNA translation m vitro (unpublished results), 



leading us to propose that this might increase in infected cells 
too. 

Preparation ot the 3'-end ol rPC4 

The 3'-end of rPC4 used in this construct came from ay, i existing 
construction of rPC4 cDNA in the pBluescript vector^ which 
was digested with tfmll and Xbal to yield a 2^2 kt .tend. 

All the fragments used to generate this 5 -modified rPC4 
construct were separated by agarose gel ^"rophorcsis; the 
DNA bands or interest were exc.sed and purified from the 
agarose using the Geneclean purificauon technique (BIO 101 
XjU Jolla 8 CA. U.S.A.). The rPC4 5<- and 3 
ligated together in a 10:1 molar ratio, and the ligation reaction 
was confirmed by gel electrophoresis. Ligation of the blunt ends 
was used to generate S.rpl sites ; the tigation reaction mixture was 
then digested with Sspl (blunt end) and Xba) I rest, action enemies 
to yield the S'-modified rPC4 fragment or 2-4 kb. The pCITE- 
digested vector and the S'-modiftcd rPC4 fragment were then 
ligated together in a 1 :3 molar ratio, end were usrf to transf onn 
XLl-Blue competent cells (Invitrogen, Carlsbad. CA, U-S AO- 
Individual clones were analysed by restricbon-enzymc d-gesuon 
and sequenced to confirm the accuracy of the reading frame 
[15-17]. 

Cellular infections and isolation of recombinant rPC4A 

Essentially, a procedure similar to that reported previously for 
PCI (18] was followed. In brief, CH4C1 ceUs s ; ruamm aUan 
somatomammotrophic cell line (Biosystcms, CA, U-S.A0 were 
grown to confluence in air/CO, (9: 1) at 37 °C in lS-cm-diam. 
tissue-culture dishes, using minimum essential medium supple- 
mented with 10% (v/v) fetal bovine serum ( Ll fc T ;* n ^ 0 »£ 
Inc.) and 28/ig/ml gentamycin. Following a brief rinse with 
PBS the cells were infected with recombinant viruses at 2-4 
plaque-forming units/cell in 5 ml of PBS containing 0.01 /o (v/v) 
BSA for 30 min at room temperature. They were then returned 
to minimal essential medium plus fetal bovme serum and 
incubated overnight at 37 °C. Cells 

timc3 h post-infection, by scraping into 20 mM Tns/acctete, pH 
7 0 Suspensions from the Dounce homogenizer were centniugco 
at 16000 S Tor 15 min at 4°C in a microcentrifuge; the super- 
natant* containing soluble cellular material were then amoved 
and stored at -20 S C before further use. After collection of 2.5 
1 of medium, the frozen pools were thawed and concentrated to 
3 ml (* 840.fold) on a Ccntriprep-30 ^™«>»%Im?L 
USA) cartridge. This was then centnfuged at 30000? for 
! 5 min to eliminate all the suspended cellular particles . and I the 
ileTr supernatant was separated into l00-£ al.quots that were 
Storedai-20'C.Asacontrol.VV:WT/GH4Clmedn J ^ 
rPC4A cDNA was similarly prepared, and stored for the purposes 
of comparison. 



Antibodies against PC4 

Three polyclonal antibodies raised against PC4 developed hi the 
rabbit'wem used in the present study *J*jS*J| 

1 was raised against ^ *^g£&Xv^lJ£ 
ammo acid sequence d-Y' QTLRRRYKKbLvvnu Jv*™.<s 
i* the N-terminal domain of rPC4A [SJ; anybody • Ab-2 was 
developed using a CMerminat fusion protein (rPC4A ) . ami 

injecting the plasmid containing PC4A cDNA. following the 
procedure reported previously [19]. 
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Subtilisin 



DH 



N S 




No. amino acids 
382 




rPC4A 



(D)Y+ q75. t ^r.r-R-V-K.R-S.L-V-V-P-T-D^ 
(Ab-1) 



rPC4A(S54-654) 
(Ab-2) 



^ Signal peptide 

g Pro-segment 

0 Catalytic domain 

^ N-Glycosyiation site 



P-domain 



Q RRGDL sequence 



Extended 
P-domain 



Z ZZtZ^m art » rPWA-specific anUsc* m snown. 



Western blot analysis 

Media from rPC4A -infected G H4C1 cells were analysed by using 
SDS/PAGE (10% gels), and the separated proteins ™''£ecUO- 
transferrcd on to PVDF membranes (Schleicher &JudU 
Kcene NH U.S.A.). Protein bands were revealed by enhanced 
iuminesccr.ee (ECt)(Boehrin S er Mannheim ,Intog 
IN USA) using a primary rabbit antiserum [20] against e.ther 
Ab-1 or Ab-2 (Figure 1). The specificity or the antiserum was 
verged by demonstrating that the bands made v.s.blc : in the 
Sa infected cells or medium could * Pre- 

incubation with lOO^g/ml recombinant rPC4A protein. 

Radioimmunoassays 

For quantitative estimation of immunoreactive r PC4A protein in 
The concentrated medium and in cells obta.ned from W :rPC4A- 
infected GH4C1 cells, three specific polyclonal antibodies, Ab-1. 
Ab-2 and Ab-3. were used in a procedure described previous y 
(12.1 5J- Three separate samples of aliquots of various sizes were 
used, and the values were averaged. 

Enzymie assay 

The proteolytic activity of recombinant rPC4A was assayed 
Sn/fte^mmerciaUy available synthetic pepUdyl fluoro^mC 
substrate. pGlu.Arg-Thr-Lys-Ar g -[4-meth^coumann-7-am^ 
iMCAll (Peptides International. Louisville, KY, U.S-A.Mis) as 
Merited below (hereafter, the residues are referred to by their 
Se-letter codes). The c^yme samp.e (usually I0p0 
routinely added to the assay mixture of a ternary buffer system 



.11 at 
The 



consisting Of sodium acetate Ntes and ^morpholine 0 
10 mM final concentration) and 2 mM CaCI ; , pH 
reaction ("n a final vol. of 100 ,1) was initiated at >»> 
2S« in a microtitrc-well plate by the *id, lion of 
P^R.MCAatafinalcon«n^ 
EH were recorded after 60 mi n of uKubauon «J*a 
Perkin-Elmcr spectrofluonmeter (model IS JOB), wUH the 
excitation and emission wavelengths being set at 370+3 ano 
460 ±S nm respectively. 

pM, Ca l * and inhibitor profiles 

The protocols used were essentially the same as reported] else- 
wbereTolSl For pH-sensitivity experiments, enzymie acbvity 
was measured using the previously described ternary M» 
Tystem, with the pH being adjusted in the range from 4.0 f o 8j> 
with 0.5 pH-unit increments by usinfieithet acct.c acid or NbOH 
Tn o^er'to estimate the C*- concentration *^^g£ 
activitv increasing concentrations of Na s EDTA were aaoeo 

SSqCI, until no more enzymie activity could be detjected. 
On Se basis of this result, the assay mixture was supplemented 
with ImM Na.EDTA and various concentrations of Cau 8 , 
rangingtom 0-5 mM (final). Forinhibition studies, the cU 
Sm?te preincubated with selected compounds » 
S mixture for 30 min prior to the addition of tfjj** 
MCA. The solutions of inhibitors were prepared ta ' 
as follows: EDTA, EGTA. i^-l,2-diam.nocyeloh £ xane. 
^.Wterraacetic acid (CDTA) .^fflfe 
acid and 4-cMoromercuribenzo.c acid were prepared in l.ZS m 

© 1999 Biodieafiiia Society 
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NaOH- PMSF. 4-amidino-PMSF and 3,4-dichloroisocoumano 
were prepared in 2% (v/v) DMSO; and pepstatin was dissolved 
in 10% (v/v) methanol. The rest of the inhibitors used were 
dissolved in water at pH 6.8. For experiments involving EDTA, 
EGTA and CDTA. no Cad. was added to the assay medium. 

Fluororjenic substrates and determination of K H (app) and V a „ 
values 

pER.TKR.-MCA was substituted with various other peptidyl- 
MCA substrates either obtained from commercial sources or 
made synthetically in the laboratory [211. For the determination 
of K values, increasing amounts of peptidyl-MCA were added 
to the reaction mixture. The data, plotted as the rate of hydrolysis 
against concentration of peptidyl-MCA used, were subjected to 
non-linear regression analysis using the Enzfitter software 
(Elsevkr-Biosoft, Cambridge, U.K.) to determine the K, n and 
Rvalues. 



Synthesis of peptide substrates 

The following peptides were selected: residues 66-75 from pro- 
IGF-1 [acetyl (Ac)-PAKSAR I SVRA] (la), residues 66-75 from 
pro-lCF-I. with an Al a '»-Lys substitution (Ac-PAKSKRj 
SVRA) (lb), residues 63-72 from pro-lGF-Il (Ac-PAKSEk I 
DVST) (II a), residues 63-72 from pro-lCF-H. with a Glu - 
Lys substitution (A c-PA K S KR J. DVST) (lib). D-Tyr+re»d«es 
75-90 from pro-rPC4A (d-YQTLRRRVKR i SLVVPTD) (III), 
residues 17<M76 from PACAP (GRRJIPYL) (IVa), rescues 
1 68-176 from PACAP (NKGRR 1 !PYL)(lVb). residues 65- 76 
from PACAP (RVKNKGRRi IPVL) (IVc). residues 128-135 
from PACAP (LSKR1 HSDG) (Va) and residues 122-135 from 
PACAP (DDDSEPLSKR J. HSDG) (Vb). (Here, and sub- 
sequently throughout the paper,! denotes the site of cleavage, 
and the important basic residues are shown in bold.) 

The synthesis of these peptides was performed on an automated 
solid-phase peptide synthesizer (model 43 1A: Applied Bio- 
systcms, Foster City. CA. U.S.A.). using 2-('H-benzotnazol- 1- 
yn-l,1.3,3-tctramethyluronium hexafluorophosphate-mediatcd 
Fastmoc chemistry [22,23). All amino acids (^configuration) 
were protected as Auoren-9-ylmcthOxycarbonyl (Fmoc) denv- 
atives at the N-iermirml. The coupling agents and solvents were 
purchased from Calbiochcm-Novabiochem (U\ Jolla, CA, 
U.S.A.), Bachem (Torrance. CA, U.S.A.) and PE-Biosystems 
(Foster City, CA, U.S.A.). The following side chain-protecting 
erouos were used: t-butyloxycarbonyl (Boc) for lysine; t-butyl 
for serine, threonine, tyrosine, aspartatic and gluiama tie acids; 
and 2 2,5,7,8-pentamethylchronian 6-sulpbonyl for arginine. At 
the end of the synthesis, the peptides were cleaved from the resin 
and fully deprotccted by treatment twice with reagent K at room 
temperature (5.0 ml) for 4 h each time [22,23]. The crude material 
oSS Ed was purified by reverse phase (RP)-HPLC (vista 5500; 
Varian Basel. Switzerland), which was performed on a C lf semi- 
preparative column ( 1 .0 cm x 25 cm ; Chromatographic Special- 
ties I nc , St. Laurent, PQ. Canada) using, as the buffer system, an 
aaueous 0.1 % (v/v) trifluoroacetic acid solution and an organic 
phase of CH,CN, also containing 0.1% (v/v) trifluoroacetic 
acid Elution was performed using a linear gradient from 5-60 /„ 
of the organic phase in 60 min following a 5-nun isocratic step at 
a flow rate of 2 ml/mm, and the appearance or the cluate was 
monitored at a wavelength of 225 nm. The peptides^ were fully 
characterized by both fast atom bombardment (FAB)-MS and 
amino acid analysis. Amino acid analyses were performed 
following 18 h of hydrolysis in 5.7 M HC1 at 110 'C m a sealed 
tube under a vacuum, and the hydrolysates were analysed using 
a modified Beckman 120C autoanalyscr equipped with a Vanan 



DS 604 integrator/plotter, followed by post-column ninhydrin 
detection. 

Incubation of synthetic peptides with various convertases 
Incubations of various pro-lGF and pro-rPC4-relatcd peptides 
(la lb Ha, lib and III) were carried out in a total vol. of MX) /d 
containing 50 fig of the peptide for time intervals ranging from 
1 h to 24 h with hPCl, hfurin and rPC4A, representing activities 
of 15-16 12-13 or 5-6 nmol of free 7-amino-4-methylcoumarm 
(AMC) released/h at 25 "C respectively. The final iMhitiW 
mixtures contained, respectively, the ternary buffer and 5.0 mM 
CaCL. pH 6.0, for hPCl, 1.0 mM CaCL, pH 7.0. for furin and 
PC7 and 2 mM CaCl,, pH 7.0, for rPC4A. The PACAP-based 
synthetic peptides (IVa-c and Va and vb) were similarly incu- 
bated with only rPC4A and hPC7 [4). ..k,™,,, 
Following the incubation, the aliquots were treated with 200 /tl 
of 0 1M Na.EDTA to terminate the reaction, ond then were 
analysed on a Vydac 218TPS4 C„ analytical column (0.1 crnx 
25 cm) according to the conditions described above, except that 
the flow rate was maintained at 1 .0 ml/rnin. The detected peptides 
were collected manually and subsequently analysed for amino 
acid composition, as well as by matrix-assisted laser desorption 
iooization-time-of-flight (MALD1-TOF) or ion-spray MS. 



Synthesis of peptide semlcarbazones (SCs) 
The two tetrapeptide SCs. RSKR-SC and RKKR-SC. were 
synthesized as described previously [22]. The K, values for these 
peptides against rPC4A were determined using Dixon s plot 
analysis [22,23). 

Inhibition^ rPCdA activity by various transition-metal ions 
Five bivalent metal ions, mostly of the transition-metal series 
(namely Cu", Co 1 *. Zn=*. Hg ! \ and Ni") were examined for 
their ability to inhibit rPC4A activity. Freshly prepared aqueous 
solutions of CuC!„ Cod,. ZnSO,. HgfOAc), and NiCL were 
preincubated with"rPC4A for 5 min at room temperature in an 
assay mixture (100 ,xl) consisting of 30 mM each of M«, sodium 
acetate and N-ethylmorpholine plus CaCl, <2 mM final con- 
Oration), P H7.0. following which pERTKR-MCA (100 /iM 
final concentration) was added. After another 4 h or incubation, 
the release of free AMC was monitored in a fluorimcter. Various 
concentrations of metal ions ranging from 50 to 1000 (tM were 
used in the present study, and the residual activity was compared 
with the control carried out in parallel in the absence of any 
metal ions. 

RESULTS 

In vitro enzymie activity af rPC4A 

Recombinant rPC4A. obtained from the medium of VV:rPC4A- 
infected GH4C1 cells upon concentration and dialysis, displayed 
a varying degree or enzymie activity towards fluoroge **P<W" 
MCA substrates such as benzyloxycarbonyl (ZJ-ARR-M^A. 
Z-AKK-MCA, Z-KJCR-MCA, Ac-KSKR-MCA . Ac-RKKR- 
mSa. ornithine^KR-MCA. Ac-RSKR-MCA, Z-REKR.-MCA, 
Boc-RVR-R-MCA, pERTKR-MCA and Ac- YEKERSK R- 
MCA. Among them. Ac-RKKR-MCA. wan found 
most potent, being cleaved at least 6 umes mote 
than Ac-RSKR-MCA or pERTKR-MCA. the common'y 
used fluorogenic substrates of most convertases [1*W4£3J; 
In fact V a JK„ values for the hydrolysis of Ac- RI^R-MCA 
are 10 3- and 8.4-fold greater than those for Ac-RSKR- 
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Table 1 Kiflwc eotistanis rar we 


hydrolysis of synthetic peptidyUMCA substrates by rPWA 








MCA suostrate 








FoW 




pERTKft-MCA 
Ac-RKKR-MCA 
AoRSKR-MCA 


0.42 ±0.05 
0.12+0.01 
O.W±0.09 


4.21 ±0.1 
Q.1S+0.Q2 
5.6±0.2 


0.099 

0.83 

0.08 


0.15 

1X1 

0.1 





MCA and pERTKR-MCA respectively (Table 1). Surprisingly, 
even a tripcptidyl-MCA such as Z-ARR-MCA. lackmg a peptidyl 
residue at the P4 position, was found to be as good a substrate 
as RSK.R-MCA, REKR-MCA and RVRR-MCA. all of which 
possess an additional P4 arginine residue. This observation is 
somewhat different from that reported for other PCS. ana 
suggests that PC4 is a distinct and functionally active convertase 
forwhich the P3 position may be more critical than for other 
oonvertases. This study also demonstrates the first m vuro 
enzymic activity of PC4. 

pH profile 

Employing a buffer system of different pH values ranging from 

4 0 to 8.0 (see the Experimental section), it was noted that the pH 
optimum or rPC4A resides in the vicinity of 7.0 (figure 2). very 

5 to that observed for furin [2<r-f\ and.PC7 Inte, 
estingly both PC7 and furin maintained a sigmheuntly greater 
oereMtage of their maximal activities, even at pH 5.5 in contrast 
with PC4, which lost more than 90 % of its maximal activity at 
this pH. Thus unlike PC7 and furin. PC4 displays a narrower pH 
optimum. 

Ca l+ profile 

A precise measurement of the Ca" requirement for maximal 
activity of rPC4A was accomplished, following prior measure- 
ment of endogenous Ca" in the enzyme preparation by t.trauon 
with Na.EDTA (results not shown). The Ca"-act.vat.on profile 
of rPC4A at pH 7.0 is shown in Figure 2. which suggests that the 
optimal Ca" concentration for rPC4A activity « ne* ^0 mR 
again reminiscent of results reported for funn 126-28] and PC7 
[61. 

Inhibitory profile 

On the basis of the study using various general and class-specific 
inhibitors, it was noted that the enzymic activ.ty of rP C4A as 
expected, is highly sensitive to catiowc chelators such as EDTA. 
EGTA and CDTA. all of which, at 1-10 mM concentration, 
abolished almost completely the full, en^mlc ™ 
observations confirm that this activity is mdeed Ca-'-dependent. 
Furthermore, as found for other converges, PC4A is also 
Strongly inactivated by p-chloromercuribenzoate. Most cyst.me 
orotease and mixed serine/cysteine protease inhibitors had no 
Significant effects on PC4A activity. ^Phenylazophenylareomc 
acid a known inhibitor of subtilisin 129], appears m this case to 
be a weak inhibitor of rPC4A, in contrast with its action towards 
PCI and furin, both of which are strongly inhibited at a 
concentration of inhibitor of 0.1 mM (A. Basak and C. Lazure. 
unpublished work). Finally, a differential effect due to Ac 
presence of a reducing agent was observed: a 2-2. 5-fold en- 
hancement in PC4 activity occurred upon addition of 1 mM 
diihiothreiiol. A similar effect was also noted for this compound 
on the activity of PC7 [6]. although a completely opposite effect 
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[CaC.2], mM 

Ffcure Z pH-ac!ivaHon (A) and Ca^-acttvatign. (fi) profiles ol recombinant 
rPC4A 

m Preparations of WitPC4A-lnfected GH4G1 eels *sre assayed according w tne protocol 
KShto Experimental serfon using pEfUKRMCA as a BuoroQBA* subside, m 
vMmrt an average d mree separate independent determines (•) and 

Z ly pufiiied (O) r?&A respectKtiy. (B) Knowing price * "JJJ^ 

To mM EDTA * **** the enOoosious ^ samples ^ 
W^PMA-WWed GH4C1 cell Baas were assayed in me presence ol increasing concentrations 
ol CaCly as described in trie Experimental section. 



was reported with other convertases, namely yleexiri and soluble 
furin 

inhibflory influence of bivalent traraUiGn-metal ions 
Consistent with earlier observations with PCI, furin 130] arid 
PC7 till a strong inhibitory effect on rPC4A activity by the 
SKZs such a7 Cu". Co- Ni- ^tr^ot 
was also noted ; this inactivation was found to occur (m .m ■ oT 
decreasing inhibitory effect) in the Order or Cu" > Hr > Zn > 
Ni**>Co s+ , wiih IC a > measurements for Cu-* and Co or 
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A. Basak and others 



(A) 



ft- 



*1 



54kDa 
46 kDa 




(B) 



u 



f 



54 kDa 




Flnure 3 immuoiMleiecdon of rPC4A using Western blot analysts with 
AM antibody (A), or with Ab-2 antibody (B) 

w«tamWrPC4Aintected GH4C1 cells ««fe processed asdescfibed Inthc ExpertnwnBl 
S Sd lS SDS/PAGE 00% sets), mo elaootranslfrr 10 
Sank proldn lands *k «y ECLAKfcn S 
■fed aalnst me (Menaw peplK (Ab-1). (A) UA panel: I8H4C1 
n«riinm- linhl oanEl W'rPMA-inlected 6WCt modium + rPMA protein (1 00 ;4/rrtO.NOtB 
StaKh MM by PWA protein, represents tha WHingtt.. rtwICM, 

MtdttpftCttbte byPC4A protein. (BjThetencs 
!^?b*Ib »ib W ia<". W:WT-GHCt medium: left panel, right lane. 

protsiMtOOjio/mD. 



12+ J 2 and 250 + 4.5 pM respectively (data given as means± 
S D ) The possible cause for this inactivation may be related to 
interactions with metal-sensitive amino acid residues, such as 
cysteine, consequently leading to oxidation and/or complex 
formation [30]. 

Western blot analysis ot rPC4A 

Using the N-terminally directed antibody. Ab-1, Western blot 
analysis of the culture medium obtained from GH4C1 cells 
infected with VV.rPC4A revealed a distinct band at -54 kDa 
(Figure 3A). As expected, the appearance of this band can be 



fully abolished by the presence or recombinant rPC4A protein 
(100 ug/ml), thereby confirming its identity. A similar band, also 
disptaceableby rPC4A protein (100 /.g/rnl) was noted in the cell 
medium using the C-terminally directed Ab-2 antibody (Figure 
3B) This * 54 kDa band represents the full-length form of 
mature rPC4A (544 amino acids), and the molecular mass 
compares reasonably well with that of the endogenous enzyme 
(M r approx. 52000) that is expressed in germinal cells Of rat 
testes, and which is absent in similar cells of PC4-null mux .[12] 
It may be pointed out that a large majonty of the recombinant 
rPC4A protein remained associated with the cell membrane as 
insoluble material, which was only partially extractable upon 
repeated cell lysis (results not shown). 

Radioimmunoassay 

Radioimmunoassays carried out on various samples of re com- 
binant rpCA using the antibodies Ab-1, Ab-2 and Ab-3 indicated 
the presence of an extremely low amount of immunoreactive 
PC4A On average, this ranged from 10-14 /ig/1 of medium, 
which was more than 100-fold less than that obtained in the case 
of PCI [18]. 

Digestion profiles of synthetic peptides 

The distribution oTmRNA or protein levels of biologically active 
protein/hormone precursors in testicular germ cells 
IS 311 suggested a number of potential substrates of PC4A U-tJ. 
Thcsi induce pro-nerve growth ^tor (THRSK J1SS) pro- 
IOF receptor (PERKRR I DV), (m)pro-lGF-t (PAKSAR 1 S V), 
(m)pro-lOF.lI (PAKSER i DV), (m)pro-tertilin a-chain 
(QSRMRRiAA). (m)pro-fertilio £-cham (SCKVKR4RO), 
(m) AD AM 5 (a disintegrio and metajloprotemase enzyme) 
(ARRPRRHQ. (h)proenkcphalin GGFMKRJHS), (r)p o- 
cyritestin (AERLCR1KS) and hPACAP-relatcd peptide 
(AVLGKR 1 YK). In an elTort to carry out chemical and enzyrruc 
characterizations, and also to determine potential substrates for 
PC4A,a number of synthetic peptides based on the sequences 
containing the putative cleavage site of ** l °>> 
pro-lGF-H (Ila and lib), P ro-rPC4A (III) and PACAP (IVa-c 
and Va and Vb) were examined (Table 2). In addition to rPC4A 
other convertascs such as hPCL hfurin and hPC7 were included 
in this study for comparison purposes. 

As indicated in Table 2. both pro-lGF-I" •» (la) and pro-IGF- 
II» " (Ha) were cleaved correctly by rPC4A at the expected 
physiological site, as confirmed by FAB-MS and amino acid 
analysis of the isolated product,. 1" contrast no s.g* nficant 
processing of either (la) or (Ila) was noticed with "^1 °r Mun^ 
even aftef24h of incubation (figure 4) As **^J** 
lysine mutants ((lb) and (lib)] were both cleaved by PC4 PCI 
and furin quite efficiently (Table 2). suggesting that, m the 
Lntext of a monobasic Cleavage, lysine at the P4 posmorr within 
the sequence mo tif KXXR is recognized more easily by PC4 than 

^Simila^ fhTprO^derivcd synthetic peptide (III) was also 
cleaved fairly efficiently by rPC4A, as well as by. hfunr i and hPCl 
(F?gure4and Table 2). The time required (r vt ) for 50% cleavage 
of this peptide to take place by rPC4A. PCI and fun n using an 
almost identical enzymic activity as measured agamsuhefluoro- 
gUic substrate, pERTKR-MCA. showed that proPOWenved 
peptide (1H) was cleaved most efficiently by form, followed by 
PC4 and PCI respectively. . . 

The synthetic PACAP-based peptides contain.ng the N- and 
C-termiiat processing sices (IVa. IVb. Wc and V a and Vb) wc« 
examined as possible substrates for both rPC4A and hPC7, since 
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. „ nnA , r c i nrn-iGF-H and PAGAP-relatal peptide* by various convertases, tactmitag rPC4A 

Table i Relative cleavage rales of synthetic pro-PC4, pro-lGP-l. pro-ibMi atra r***r MGH u 

Tame i neiauYo *re«<r«y « rt amc irom pERTKR-MCA poo «M final con«mf3iloii) for rPC4A, hPCi 

it* ^irvmic acthfltv use* hv uw cBoestion study ol these syndic peptides wbs 1.63. Us. ^ >- 45 ^^ff ptni wvmw" i p 

2 ^i^^^y n^S^ lutWr defr* d( the pttccdure us*, see U frpeM secttn. ^ 

Extern cf cleavage ft) 



W:rPC« 



Peptide sequence 



Tima. 



4h 



pro-IGF-l (66-75) (la) (Ao-PAKSAR I SVRA) 
pro-lGF-, (66-75 Lys*} dW (M-PAXSKR J, SVRA) 
pro-IGRI (63-72) (Eta) (Ac-PAKSER 1 OVST) 
pfO-lGF.ll (53-72 LyS? 7 ) (Afi-PAKSKR I DVST) 
rPC*(t>-Tyr +75-90) (M) (&-YQTLRRRVKB i SLWPTD) 
PACAP (170-176) OVa) (GRR1TPYL) 
PACAP (1 68-176) (WO) (NKGRRjtPYU 
PACAP (165-176) <IVC) (fiVKNK6ftfU IPYL) 
PACAP(128-135)W(LSKft;H5DG) 
PACAPO 22-135) tVt>) (DODSEPLSKR 1 HSDG) 



100 
69 

25 

<5 
- 78 

as 

95 
90 



22 h 



71 
50 

100 
B1 

67 



VV:hPC1 



4ft 



7 
1 

0 
3 

IS 



22 h 



10 
45 

5 

73 
44 



Wihlurln 



4 h 



53 
0 
69 

84 



22h 



D 

100 
8 

100 

100 




<5 
<5 

<no 
o 

2 



+ hFurin 




B 



+hPO 



+rPC4A 



+ r?C4A 




+hFurin 




+hPCl 



Peptide 



Retention time (mln) 



T r 

20 25 30 35 

Retention time (min) 



Flgu re 4 (A) M-t o, «l Mm N> lAc-PAKSAB 1 SVRA, «Hh hPC1. Wurin an- rPC4* an, (B, treahw, o, rPC« papU* (.HI »M» 
I SLWPTD) with rPC4A, Wurin and hPC1 

totfmK l«B in «» cMDHbgrani tor F«4gMU peptWa M OttOiM » ^ ■*» pm* pert* upon «5«sllon are Indeed 

li FW at indicate) (d-TCTUW 1 RVKfBLWPTO). 



these eonvcrtases were found to be f^^^^^M 
*erm cells [14]. Our study revealed that both (IVb) and (IVc) 
^cTeavcd by PC4, buf not by PC7, whereas (IVa) was not 
cleaved by either convertase, again reinforcing the result that, 



independently of other positions, the P4 lysine P^^an important 
role in the substrate recognition by PC4. Again both (Va) and 
(Vb) were cleaved fairly well by PC4, but not by PC7. These date 
) n dro suggest that PC4 is a better cand.date enzyme for the 
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„2S t jj JJ T! » IU 

[Inhibitor], jlM 




O JJ » 7S tOO ItS 

[Inhibitor], JiM 

Figure 5 Dixon plot showing toe Inaefivaflon of proteolytic activity ol 
rPC4A by RSKH-SC (A) and RKKR-SC (B) 

The achvily of PCM was Wowed at dmetent substrate (oERTKR-MCA) concentrations w each 
inhibition study, namely 50 /iM (Si) and 100 ,*M (S2). 



processing of PACAP to PACAP-38. and possibly to PACAP- 
27. a notion already proposed by previous studies [14]. 

Ca 2 -dependency ol rPC4A activity 

The dependency of proteolytic activity or rPC4A on Ca~ is 
EoSratod by the observation ^^^^fuJJy 
oro-IGFs and pro-PC4-related synthetic pepndes can be fully 
ZtS2by,he^ddidonofEDTA(50^M)(re S d t snotshow„). 

Effect ol RKKR-SC and RSKR-SC on rPC4A activity 

Both tetrapeptides RKICR-SC and RSKR-SC exhibited a strong 
inhibition of rPC4A activity in a reversible, competitive manner 
This was confirmed by Dixon plot analysis as shown tin Figure 
5 which indicates further that the K, values forthesc peptides ^are 
0 75 and 1 14 /xM respectively. Thus RKKR-SC is nearly 66-fold 
more potent u an inhibitor of rPC4A than is RSKR-SC It may 
* pXed out that these peptidyl-SCs were shown to be fairly 
strong inhibitors or both PCI and furin, with K, values ranging 
from 1.4 to 15/»M [22]. 



DISCUSSION 

A mon S all the members of converges, PC4 is probably <tlK tmost 
unique because of its exclusive distribution in testis ami ovarian 
cells. On the basis of mRNA distribution in various ceU lines and 
in rat tissues, it was observed that, within the germinal cellS,PC4 
"found in pachetene spermatocytes and spherical spermatids of 
the tLis (7 8]. In mouse, expression is limited only to the round 
SeSds of germ cells [7] These observations, and thelateSt 
«u™ that shows that PC4 knock-out mice possess reduced 



fertility, sperm motility and are hyperactive compared with 
normal ones US. suggest that PC4 probably plays an important 
role in reproductive biology, even though its mode o ^tion has 
yet to be determined. Until now, very little was known about the 
enzymic properties of PC4 and its physiological substrates. The 
present study has now provided some important leads m this 

d ' ^ oilw treatment of various synthetic peptides with rPC4A. 
hPCl and hfurin confirmed 

junction between P ro-PC4A and PC4A CYQTLRRRyKRl 
SLWPTD) was cleaved (as indicated) not only by rPC4A, but 
also by hPCl and hfurin. This result indicated that, like other 
converges, PC4 could also be autocatalyucally act, vated Both 
prO-IGF-I- and pro-IGF-H-derivcd peptides, Ac-PAKSARi 
SVRA (la) and Ac-PAKSER I DVST (Ha), were cleaved at the 
site indicated by rPC4A, but not by PCI and form. It was further 
noted that the pro-IGF peptides that were mutated to lysine at 
the P2 position, namely Ac-PAKSKR i SVRA (lb) and Ac- 
PAKSKR 1 DVST (lib), were cleaved by all three <»wt£U«l 
These results su E gest that a tetrapept.de sequence motif C*™} 
containinga P4 lysine and a PI arginine rescue is best ^f™-? 
by rPC4A. The results indicate further that precursors of both 
IGF-I [321and IGF-11 [33,34] could represent potential substrates 
for PC4 It is known that these two important growth factors^ 
generated from their precursors by the proteolytic removal of 36 
and 38 amino acids respectively from thor C-«rminus ; (known , * 
the E-domain). followed by the removal of Arg/'or Arg tor 
IGF-I or IGF-H respectively by the action of carboxypepudase. 
In both cases, there is a unique 1 3-rcsidue prohormone cleavage 
motif, characterized by the presence of five baS.c residues. 
KXXKXXR""UXXRXXR. Consistent with the PC4 aiSttji- 
bution, IGF-I mRNA is highly expressed in germ cells, par- 
ticularly after stimulation by follicle-stimulatrng 1 hormone : and 
to a lesser extent, after treatment wtth growth hormone <?r 
ute nizing hormone [35], Although IGF mRNA is largdy 
ocalizedlpecirically in Lcydig cells, these cells are not the sole 
site of origin in the testis. In fact. non-Leyd.g cell expression 
m ght be an important component of testicular IGF-I production 
[36]. Numerous developmental abnormalities such as grovjh 
deficiencies, delayed bone development, .nfert.hty nd 
mortality rate, in addition to many forms 0/ cancer, have been 
™ked to theexpression of both IGF-I and -"[37-39}. Because of 
hese important biological functions of IGF-I and -II. particular 
attentiorwas taken to identify their processing enzymes the 
Ses performed to date [40.41] are sufficient to exclude i funnjas 
being the processing enzyme involved in IGF maturahon since 
furin deficient Lovo cells were able to process P^IGF-I £ g» 
correct Ant"! site, whereas transiently transfected HEK. f« 
eluTrocel pro-lGF-I at the Arg" 1 site, as well as at another 
sUe C-terminal to this, possibly Arg" i . In a recent study of co- 
expression employing constructs of furin, PACE4 PC5A PCgB 

and Pa, Duguay et al- [411 t™ 0 ™}?"* 
PCSA/PC5B arc the most likely candidates for being 'he pro- 
55 Xverfase. Our studies have now added PC4A to the bsfas 
another candidate for being the processing enzyme of PJ>-J®F; 
1 and pro-IGF-fl in the testis, and have also confirmed tbeea ler 
inclusion that neither furin nor PCI is able to produce ma ure 
IGF-I from its precursor. . I p 

Recently PC4 has been implicated in the processing of PACAP 
H41 PACAP was isolated from the hypothalamus, and is known 
to exist as two amidated forms with 38 or 27 ammo apds 
" . „ . „ ,(,..o«/>iDHr<.«wtiuelvV Studies on the immuno- 



to exist as two emiu^im ~- . i 

(PACAP-38 or PACAP-27 respectively). Studies on the mimuno- 
histochemistry of rat testis demonstrated strong PACAPihke 
immuooreactivity in spermatids n both cap and 
phases [41,42]- An almost identical pattern of expression of PC4 



o io<ia B^cnemkal Society 

PAGE 58/59 ■ RCVD AT 5/5J2005 9:05:43 PM (Eastern DayOght TimeJ * SVR:USPT0ff XRMO * DNIS:8729306 ' CSID:3107778348 * DURATION (mm-ss):27-54 



This Page is Inserted by IFW Indexing and Scanning 
Operations and is not part of the Official Record 



Defective images within this document are accurate representations of the original 
documents submitted by the applicant. 

Defects in the images include but are not limited to the items checked: 

□ BLACK BORDERS 



\4 BLURRED OR ILLEGIBLE TEXT OR DRAWING 

□ SKEWED/SLANTED IMAGES 

□ COLOR OR BLACK AND WHITE PHOTOGRAPHS 

□ GRAY SCALE DOCUMENTS 

□ LINES OR MARKS ON ORIGINAL DOCUMENT 

□ REFERENCE(S) OR EXHIBIT(S) SUBMITTED ARE POOR QUALITY 

□ OTHER: 

IMAGES ARE BEST AVAILABLE COPY. 
As rescanning these documents will not correct the image 
problems checked, please do not report these problems to 
the IFW Image Problem Mailbox. 



BEST AVAILABLE IMAGES 




